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SUMMARY
The soluble nature o f  the monooxygenase system from 
Methylococcuo capnulatua (Bath) makes i t  an idea l monooxygenasc 
enzyme fo r  mechanistic studies.
Oxidation o f  substituted aromatic substrates gave 
products that were ox id ised  in the para-pos it ion  o f  the r in g ,  
the e f f i c i e n c y  o f  the process being dependent upon the s ize  o f  the 
substituent group. During these ox idations  o f  aromatic substrates 
products resu lt in g  from an 'NIH' s h i f t  were observed. In the case 
o f  naphthalene, th is  led to substantia l quan t it ie s  o f  2-naphthol 
in addition  to the more usual product, l-naphthol, observed w ith  
th is  type o f  enzyme.
Substituted aromatic compounds were a lso  ox id ised  on the 
side chain, predominantly a to the aromatic r in g ,  w ith 6-methylstyrene 
provid ing the only exception . The e f f i c i e n c y  o f  the ox ida t ion  o f  the 
aromatic side-chain was a lso  found to  be dependent on the nature of 
the substituent group.
Oxidation o f  cyclopropane to cyc lopropanol, o f  methyl- 
cyclopropane to  cyc lopropy lcarb ino l and o f  o l e f i n i c  groups w ith  
re ten t ion  o f  con figuration  suggests an oxenoid mechanism.
* * * * * *
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ICHAPTER I
INTRODUCTION
l . l  MONOOXYCF.NASE ENZYMES
The reaction o f  oxygen with organic molecules is  normally 
exothermic and given that ca. 20% o f  the ea r th 's  atmosphere is  
oxygen i t  is  thermodynamically surpris ing that s t r i c t  aerobes such 
as homo eapirne have evolved. What has made th is  poss ib le  is  the 
fact that under normal condit ions the react ion  o f molecular oxygen 
with organ ic  compounds is  under k in e t i c ,  not thermodynamic con tro l .  
Molecular oxygen has a t r i p l e t  ground s ta te ,  i . e .  i t  e x is ts  as a 
d i r a d ic a l ,  whireas the m a jor ity  o f  organic compounds e x is t  as s in g le ts .  
The r ea c t io n  of a t r i p l e t  molecule with a s in g le t  to  g ive  s in g le t
products is  a spin forbidden process and as such does not r ea d i ly  
1
occur .
Oxygenases are enzymes that have, by var ious mechanisms, 
overcome th is  k in e t ic  energy b a r r ie r  and cata lyse  the inser t ion  o f  oxygen 
into organic  substrates. Broadly speaking, there are two types o f  
oxygenase enzymes:
1. The dioxygenases are enzymes that e f f e c t  the 
incorporation o f  both atoms o f  molecular oxygen 
into the same substrate, e . g . ,  pyrochatechase 
(E.C. 1 .13.11.1).
2. Monooxygenases, which the res t  o f  th is  thesis 
w i l l  be concerned w ith , are sometimes ca l led  
mixed-function oxygenases because they cata lyse 
the incorporation of one atom of molecular oxygen
2into an organic substrate wh ilst  the second atom
is  reduced to water.
I n i t i a l l y  i t  was be l ieved  that the oxygen atom that was
incorporated into the substrate was derived from a water molecule. 
Evidence that i t  was derived from molecular oxygen and not water was
complex. Both incubated the substrate with the enzyme in a bu ffer
In a l l  cases i t  was found that 0 was only incorporated when present
incorporated oxygen is  supplied by molecular oxygen.
As has already been pointed out the d ir e c t  react ion  of
molecular oxygen with an organic substrate is  a spin forbidden
process. To e f f e c t  such ox idations a monooxygenase enzyme must
be able to ' a c t i v a t e ' ,  in some way, the oxygen molecule. The nature
o f  th is  'a c t iva ted  oxygen complex' has been the subject o f  intense
research ever since the r e a l i s a t io n  that molecular oxygen was involved.
There are two ways in which th is  a c t iv a t io n  could be th e o r e t i c a l l y
achieved: one is  by ox idation o f  the oxygen molecule to ozone, but
4
b io lo g ic a l  systems do not produce ozone and so th is  method has been 
discounted; the a l t e rn a t iv e  is  reduction, fo r  which four reducing 
equivalents are required to e f f e c t  complete reduction of a molecule 
of  oxygen via the rea c t ive  intermediates shown in eqn. 1.1
. .2
gained in 1955 by two groups working independently. Hayaishi used
3
pyrocatechase (E.C. 1.13.11.1 ),  wh ile  Mason used a phenolase
containing 1^ 0 in the presence o f  A s im ila r  experiment
IB 16
using H2  0 in the presence of O2  provided a con tro l  experiment.
18
18Ot and not when present as H2 thus demonstrating that theas
0
I e HQ’ H20 (eqn. 1.1)2
Superoxide peroxide 
rad ica l
hydroxyl
rad ica l
3Whether these intermediates ex is t  as shown or as th e i r  anions 
w i l l  depend on the pH o f  the medium. Of the intermediates shown, 
only the hydroxyl rad ica l  and peroxide have a s u f f i c i e n t l y  high 
redox po ten t ia l  to ox id ise  unactivated hydrocarbons. I f  f r e e  peroxide, 
produced by the enzyme, were the hydroxylating agent, then inclusion 
o f  cata lase should prevent oxygenation. S im i la r ly ,  the use of 
superoxide dismutasc would show i f  superoxide were used. Note that 
these enzymes have no e f f e c t  on ox idations mediated by 
Methylocoocuo capaulatua (Bath)' ’ . I t  i s  u n l ike ly  that the hydroxyl 
rad ica l  is  used, because i t  i s  such a rea c t ive  e n t i t y  that i t  would 
be unable to produce the s p e c i f i c i t i e s  shown by these enzymes. A lso ,  i t  
would probably react with the enzyme i t s e l f .
To overcome the k in e t ic  ba rr ie r  to react ion  by molecular 
oxygen, monooxygenase enzymes have developed a number o f  d i f f e r e n t  
methods that w i l l  be outlined here, and in some cases, presented more 
f u l l y  in subsequent sect ions. The methods used by the d i f f e r e n t  
monooxygenases have led to a further sub-d ivis ion o f  these enzymes 
based on the co factor  that is  used.
I . I . I F lavoprotein Monooxygenases 6,7,8
These are enzymes that contain f la v in  mononucleotide 
(FMN F ig .  1.1) or f l a v in  adenine d inuc leot ide  (FAD F ig .  1.1) as 
th e ir  co factor  and functional group, no trans it ion  metals being 
present. The f la v in  i s  t i g h t ly  bound to the enzyme and does not 
normally d issoc ia te  at the end of the c a ta ly t i c  c yc le ,  hence the 
need fo r  an external reductant which is  normally NADH or NADPH^.
4HjC
H>C- C% C^ C\ . / '  
H I 
CH
0
IIC^SlH 
I I 
Cx c — o
N ' N
H-C-OH
I
H C—OH
I
H-C-OH
I
CH?OPOjJ 
Flavin mononucleotide 
(FMN)
H ,C -C ^Cx C ^ N^ C X
I II I
M’c ¿ V . AC N 
I I 
H H—C—H
I
H -C -O H
I
H—C—OH
H—C—OH
I
H -C —H
N—H
I
C  O
N-
I
HC<
NH,
I
K -N
CH
0 0
I II
O - P - O - P - O C H , .OxA -A K  v
H V  Y  H 
HO OH
Structure of the oxidized form of flavin 
adenine dinuclcotidc (FAD).
F ig .  1.1
The ox id ised  f la v o p ro te in s  are planar and on reduction 
become 'b en t '  with the two externa l r ings  fo ld in g  up, out o f  the plane 
o f  the cen tra l  B r in g ,  to  g ive  what i s  termed the b u t t e r f l y  appearance. 
Th is ,  according to Walsh**, is  advantageous because a l t e r in g  the shape 
o f  the f l a v in  can change i t s  binding constant and hence i t s  redox 
p o te n t ia l ,  a l low ing  the flavoenzyme to  function w ith a va r iab le  
redox p o ten t ia l .
Owing to  the thermodynamic s t a b i l i t y  o f  the one e lec tron  
reduced f l a v in  semiquinone (F ig .  1 .2 ) ,  f l a v in  eo fac to rs  a re ,  unlike 
pyrid ine co fac to rs  ( e . g .  NAD+) ,  able to  p a r t ic ip a te  in both 2e and 
le redox react ions . I t  is  th is  c a p a b i l i t y  that enables the reduced 
(d ihydro ) form o f  the f l a v in  to be autoxid ised by oxygen, again 
unlike the pyr id ine  co fa c to rs ,  that are s tab le  to oxygen. This forms
F ig .  1.2
the basis fo r  a postulated mechanism fo r  th is  group of enzymes.
A very  important point in th is  mechanism is  that a l l  o f  the substrates 
are 'a c t i v a t e d ' ,  i . e .  they a l l  contain a heteroatom that is  used in 
the react ion  mechanism, with hydroxylation normally taking place 
adjacent to th is  heteroatom.
The mechanism that is  be l ieved  to be u t i l i s e d  by these 
enzymes is  shown in F ig .  1.3. This i s  not u n iv e rsa l ly  accepted 
(see sect ion on models in th is  Chapter). The proposed mechanism 
invo lves  i n i t i a l  ox ida t ion  o f  the reduced f l a v in  co fac tor  by dioxygen 
to g ive  the f l a v in  semiquinone and superoxide anion^. Recombination 
o f  these two rad ica ls  to  g ive  the 4a-hydroperoxide d e r iv a t iv e  can 
tlicn take place without v i o la t in g  any o f  the p r in c ip le s  mentioned 
prev iously  fo r  the react ion  o f  t r i p l e t  oxygen with s in g le t  compounds 
to g ive  s in g le t  products. The Aa-hydroperoxide complex i s  then 
be l ieved  to hydroxylate the substrate, p-hydroxybenzoate in F ig .  1.3, 
by the mechanism shown.
lividonee fo r  th is  pathway comes from a number o f  d i f f e r e n t  
sources. Kernel and Bruice^ have made the c r y s ta l l in e  N -5 -e th y l-4a-  
hydroperoxide adduct and shown that i t s  UV/vis spectrum i s  id e n t ic a l  
to that obtained in pre-steady s ta te  k in e t ic  studies on p-hydroxyben- 
zoate hydroxylase. In th is  study three spec troscop ica l ly  d i s t in c t
Fig . 1.3
Proposed mechanism o f  a f l a v in  dependent monooxygenase enzyme.
74a-hydroxy compound and a r ing-opened f l a v in  derived from th is
hydroxy compound. Further support f o r  th is  mechanism comes from
an X-ray c ry s ta l lo g ra p h ic  study that shows that the substrate in
p-hydroxybenzoate hydroxylase l i e s  w i th  i t s  aromatic r ing  along the
q
C4-N5 edge o f  the f l a v in .  This makes Hemmerich's postulate that the 
ox id is in g  species  is  the ClOa hydroperoxide, formed via a dioxetane 
bridge with C4a hydroperoxide, seem u n like ly .
1.1.2 Heme-containing Monooxygenases
There are two subgroups o f  the heme-containing mono­
oxygenases depending on whether the immediate reductant is  a f l a v in  
or an iron-sulphur complex. Both w i l l  be dea lt  with in the sect ion 
on cytochrome P ^ q .
The preceding two sec t ions  represent the best understood 
examples of monooxygenase a c t i v i t i e s .  The fo l low ing  two groups are 
not so w e l l  character ised  m echan is t ica l ly .
1.1.3 Pterin-requ iring Monooxygenasos^ ’^
This group o f  enzymes conta ins mainly the mammalian mono­
oxygenases that are responsible  f o r  the hydroxylation o f  the three 
aromatic aminoacids phenylalanine, ty ros ine  and tryptophan.
F ig .  1.4 shows that the b i o l o g i c a l l y  ac t iv e  p ter in ,  tetrahydrob iopter ine , 
bears some s im i la r i t y  to the isoa l loxazane  r ing  system o f  the f la v in s  
and so might be expected to function  by a s im ilar  mechanism. However, 
analysis o f  the three amino acids that are substrates fo r  these 
enzymes shows that they d i f f e r  in one important aspect from the
intermediates were seen: the 4a-hydroperoxide, the corresponding
flavoenzyme substrates, in that only one o f  these amino acids is 
' a c t i v a t e d ' ,  i . e .  bears a heteroatom in a r ing .
H
HO OH
F ig .  1.4
Spectral changes are seen during the conversion of 
phenylalanine to ty ro s in e  by phenylalanine hydroxylase that can 
be in terpre ted  in terms o f  a s im ila r  mechanism to that proposed 
f o r  the f l a v in  enzymes. However, phenylalanine hydroxylase does 
contain two atoms of i ron  (the other known pterin-dependent enzymes 
a lso  contain iron^) th a t  undergo redox changes during the c a ta ly t i c  
c y c l e d  Coupled with the lower r e a c t i v i t y  o f  p ter ins  towards 
oxygen ( t j  in min.) when compared with f la v in s  ( t j  in s e c . ) ,  i t  
would appear more l i k e l y  that the iron present has a function o f  
increasing r e a c t i v i t y ,  though at present no experimental evidence 
is  a va i lab le  to support th is postulate.
1.1.4 Copper-containing Monooxygenases7
The two b est  known examples o f  th is  c lass o f  enzyme are 
tyrosinase and dopaminc-B-hydroxylase. A va i lab le  evidence suggests 
that these two enzymes do not share the same mechanism7. Functionally  
a c t iv e  tyrosinase is  be l ieved  to  be dimeric with two cuprous ions 
per a c t iv e  s i t e  that do not appear to undergo any valence changes
9during the c a ta ly t i c  cyc le .  Substrate rad ica l  s ignals  are not seen 
during enzymic ox idation and the requirement fo r  a diphenol has 
led Hamilton to suggest the react ion  scheme outlined in F ig .  1.5.
F ig .  1.5 Mechanism o f  tyrosinase suggested by Hamilton
Although the number o f  copper atoms present in a molecule 
o f  dopamine-3-hydroxylase i s  not known fo r  c e r ta in ,  i t  has long been
b e l ieved  that two are present and that each one is  reduced from Cu
. , 2+ -  
to Cu by ascorbate. Hamilton suggested that a Cu complex
may then attack an acid or amine group on the enzyme to g ive  a
peracid or  peramide F ig .  1.6) which would be the a c t iv e
oxygen-transfer  species. Lioncs and Skotland ’ , however,
have presented some evidence that suggests the involvement o f  only
one copper atom; they b e l ie v e  that the two reducing equivalents
10
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are fed into a copper-oxygen complex independently, from the
12
ascorbate molecule. May and his co-workers support th is  
hypothesis and b e l ie v e  that the mechanism shown in F ig .  1.7 could 
explain th e ir  r esu lt s ,  with hydroxylations go ing  via a rad ica l  
mechanism and sulphoxidations by e l e c t r o p h i l i c  attack o f  the 
copper-oxygen complex on the lone pa ir  o f  e lec t ron s  on the sulphur.
1.2 BACTKRIAI. MONOOXYCKNASK. SYSTEMS
Although the t i t l e  o f  th is  sect ion  suggests a general 
review of monooxygenase systems derived from b a c te r ia l  sources, 
a tten tion  w i l l  be focussed mainly on the system obtained from 
Mcthyloooaaua capoulatua s tra in  Bath (M.C.) with comparisons, where
II
Cu" ♦ O,
Cu-ü-0- —  ICu’ * 0,'l 
2a 2b
Cu" ♦ o h '
Mechanism o f  dopamine-6-hydroxylase suggested by May 
F ig .  1.7
re levan t,  to monooxygenases derived from other organisms.
1.2.1 I so la t io n  and Characterisation
As the name suggests, the Bath s tra in  o f  Mcthjlococauo
capoulatuo was obtained from the warm water springs o f  the c i t y  o f
Bath. I t  was o r i g in a l l y  iso la ted  in 1970 by Whittenbury and 
13 . .
h is co-workers , who described i t  as a s t r i c t l y  aerob ic ,  gram 
negative , non-motile cocc i .  I t  is  a methylotroph in that i t  
der ives  both i t s  energy and carbon from the ox idation o f  methane,
12
though some evidence e x is t s ,  to be dea lt  w ith la t e r  in th is  sect ion ,
IAthat i t  may be able to f i x  carbon by an autotrophic  mechanism .
A c la s s i f i c a t io n  scheme fo r  methane-oxidising bac ter ia
IA .
has been put forward by Whittenbury and h is  co-workers and is 
reproduced in Table 1.1. This shows that Methyloaoccua oapaulatuB 
is  a type I organism belonging to the B subgroup and the tab le  a lso  in d ica te s  
the morphological and biochemical determinants that place i t  in this 
group, some o f  which w i l l  be expanded la te r  in th is  sect ion .
Table 1.1 shows that the r ibu lose  monophosphate pathway 
(shown in Scheme l . l )  is  the p r in c ip le  method o f  a ss im ila t ing  carbon 
f o r  anabolic processes in the c e l l .  Other methods that are used 
are the serine pathway (o f . Scheme 1.2) and the autotrophic Calvin 
cyc le  (Scheme 1 .3 ) .  I t  had prev iou s ly  been thought that a g iven organism 
used on ly  one o f  these pathways, but the f in d in g  o f  r ibu lose  
1,5-diphosphate carboxylase and phosphoribulokinase , both key enzymes 
in the Calvin c yc le ,  in Methyloooacus aapaulatus ind ica tes  that this 
may not be so. I t  i s  presumptuous to assume that the presence o f  
one or two enzymes is  evidence fo r  a function ing  metabolic  pathway, 
but the demonstration o f  ( ¡ (^ “ f i x a t io n  during growth on methane is  
seen as supportive evidence fo r  the ex istence o f  an autotrophic 
pathway in M .C .*\  Indeed, the authors s ta te  that the serine pathway 
may a lso be functional in th is  organism. The ph ys io lo g ica l  r e la t i v e  
importance o f  the serine and autotrophic pathways is  unknown.
The C| units that arc used in these processes a r ise  from 
ox idation o f  methane via methanol to formaldehyde. The i n i t i a l  
step in monooxygenase-mediated oxygenation has proved to be ve ry  
d i f f i c u l t  to achieve in synthetic  chemistry and so a lo t  o f  
research has been conducted in an attempt to determine the enzymic 
mechanism, in the hope that i t  could then be reproduced in the
RMP and its variations. Ru5I\ Ribulosc-5-phosphate; Hu6P, D-crythro-L-glycero- 
3-hcxulosc-6-phosphatc; F61’ , fruetosc-6-phosphatc, FDP, fructose-1,6-diphosphate; G3P, 
glyccraldchydc-3-phosphatc; DHAP, dihydroxyacctonc phosphate; E4P, crythrosc-4-phos- 
phate; Xu5I’ , xylulosc-5-phosphate; S7F, sedohcptulose-7-phosphate; SDP, sedoheptulosc- 1,7- 
diphosphate; R5P, ribulose-5-phosphate; G6P, glucose-6-phosphate; 6PG, 6-phosphoglu- 
eonatc; pyr, pyruvate; /, 3-hcxoloscphosphatc synthase; 2. phospho-3-hcxuloisomerase; J. 
6-phosphofructokmasc (FC 2.7.1.11); 4. fructose diphosphate aldolase (EC 4.1.2.13); 5. tran- 
sketokase (EC 2 2.1.1); 6. transaldolase (EC 2.2.1.2); 7, ribulose phosphate epintcrase (EC 
5.1.3.1); 8. ribulose phosphate isomerasc (EC 5.3.1.6); 9, sodoheptulosc diphosphatasc; 10. 
fructose diphosphatase (EC 3.1.3.11); II. triosephosphale isomerasc (EC 5.3.1.1); 12. glucose 
phosphate isomerase (EC 5.3.1.9); IJ, glucose-6-phosphate dehydrogenase (EC 1.1.1.49); 14. 
6-phosphogluconatc dehydratase (EC 4.2.1.12) +  phospho-2-kcto-3-deoxygluconate aldolase 
(EC 4.1.2.14); 15. transketolasc +  triokinasc (EC 2.7.1.30).
Scheme l . l  Ribulose monophosphate pathway. Reproduced
from J. Colby, II. Dalton, and R. Whittenbury,
Ann. Rev. M icrobiol., 1979, 33, 491
IA
HCHO 1*2)
Serine pathway, u. Serine transhydroxymethylasc (EC 2.1.2.1); b. serine glyoxylate 
amino-transferase; c, hydroxypyruvate reductase (EC 1.1.1.29); il glyeerate kinase (EC 2.- 
7.1.31); e. phosphopyruvate hydratase (EC 4.2.1 11); / phosphoenol-pyruvate carboxylase 
(EC 41.1.31); g. malale dehydrogenase (EC I 1.1.37), h. malate thiokinase (EC 6.2.1.-); i.
malyl-CoA lyase (EC 4.1.3.24); j. isocitrate lyase (EC 4 1.3.1);...... . unknown reactions;
OHPYR. hydroxypyruvate; GA, glyceratc; PGA, phosphoglycerate; I’ EI*. phosphoenolpyru- 
vate; OAA, oxaloacelale Net reaction (II.+): 2IICIIO +  CO. + l-'AD + 2NADHj +  3ATP 
3-PGA + 2ADP + 2 NAD + 1AD1I,.
Scheme 1.2 Serine pathway. Reproduced 
J. Colby, H. Dalton, and R. 
Arm. Rev. Miorobiol. ,  1979,
from
Wliittenburv 
33, A95
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Scherno 1.3 The Calvin c y c le .
KJtP
JDtIAP I
y  ».Mil*
Mlui.1 ^.J4
L 's. .(.OP.- |........... 'I
.,1M j Cl.....
N
Key:
Compounds
3PC SS 3-phosphoglyceric acid
G3P s g lycéra ldéhyde 3-phosphatc
D11AP SS dihydroxyacetone phosphate
FDP s f ru c tose  1 ,6-diphosphate
F6P s f ru ctose  6-phosphate
C6P s glucose 6-phosphatc
EAP SS ery th rose  A-phosphate
X5P s x y lu lo se  5-phosphato
SDP SS sedohep tu lose 1 , 7-diphosphate
S7P s sedoheptulose 7-phosphato
R5P s rihose 5-phosphate
Ru 5 P s r ibu lo se  5-phosphate
Ru DP SS r ibu lo se  1,5-diphosphate
16
Scheme 1.3 (continued)
Enzymes
1. Ribulosediphosphate carboxylase (EC.4.1.1.39)
2. Phosphoglycerate kinase (EC.2 .7 .2 .3 )
3. Glyceraldehyde-phosphate dehydrogenase (NADP)
(EC.1.2.1 .9 )
4. Trioscphosphatc isomerase (EC.5 .3 .1 .1 )
5. Fructoscdiphosphate a ldo lase (E .C .4 .1.2 .13)
6 . Hexose diphosphatase (EC.3.1 .3 .11)
7. Glucosephosphate isomerase (EC.5 .3 .1 .9 )
8 . Clucose- 6 -phosphatase (EC.3 .1 .3 .9 )
9. Transketolase (EC.2 .2 .1 .1 )
10. Fructosediphosphate a ldo lase  (EC.4.1 .2 .13)
11. Hexi'sediphosphatase (EC. 3 .1 .3 .11)
12. Transkotolase (EC.2 .2 .1 .1 )
13. Riboscphosphate isomerase (EC.5 .3 .1 .6 )
14. Ribulosephosphate-3-epimerase (EC. 5 .1 .3 .4 )
15. Phosphoribulokinase (EC.2.7 .1 .19)
Reproduced from Lehninger, 'B iochem is try ',  2nd Ed it ion , 
Worth Publishers In c . ,  1975.
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laboratory . One o f  the major problems in attempting th is  l in e  of 
research is  the fac t  that most o f  these enzymes, e .g .  M.C. s tra in  
Texas1'’ and Methylomcmau methanioa^  are not soluble  and are 
embedded in the c e l l  membranes. Attempted removal o f  the enzyme 
o ften  leads to i t s  in ac t iva t ion .  The great advantage o f  working 
with the M.C. monooxygenase l i e s  in the fac t  that i t  is  a soluble 
enzyme. A f t e r  disruption o f  the c e l l ' s  membrane the monooxygenasc can be 
removed by simple c en tr i fuga t ion  fo l lowed by decantation o f  the 
supernatant l iqu id  which contains the enzyme.
1.2.2 Substrate Specificity and Electron Donors
As has already been pointed out the p h y s io lo g ica l  function 
o f  the monooxygenase system derived from M.C. is  be l ieved  to be 
oxygenation of methane to  g ive  methanol. What i s  surpris ing  is  the 
very  wide range o f  compounds that th is  enzyme system w i l l  accept 
as substrates in addition to methane. Among other Cj compounds that 
the enzyme system w i l l  ox id ise  are some halogen-substituted methanes: 
chloromethane was ox id ised  r ea d i ly ,  with bromomethane ox idation  being 
slower but iodomothane was not ox id ised  at a l l^ .  This same pattern 
was repeated with m u lt ip ly  halogen-substituted methanes, dichloromethane 
being ox id ised  more rap id ly  than tr ichloromethane, whereas tc trach lo ro -  
methane was not ox id ised at a l l .  The cyano, n i t r o  and th io  d e r iv a t iv e s
o f  methane were ox id ised  and ox idation o f  CO gave CO2  (<?/. Methylcnoneu
17 1 ttirk'tlumim and Methylosimo trichonporium ) .  This decrease in
ox idation ra te  with increasing s ize  o f  the substrate is  a general 
feature that has recurred with a l l  o f  the sc r ies  o f  substrates 
used (see Chapters 3 and 5 ).  Although Cj-Cg n-alkanes were ox id ised 
at the Cj and C, pos it ions  there was a rapid decrease in the rate
19
o£ ox idation o f  substrates larger than pentane^. This is  s im ila r
19to the resu lts  o f  ox idation with Methylomonao methaniaa :
hexane and heptane were not oxidised and the sp e c i f i c  a c t i v i t y  o f
the oxygenase decreas«d markedly on going from propane to butane.
Although Methyloawua trichoaporium does ox id ise  these and
n-alkanes the s p e c i f i c  a c t i v i t y  a lso  decreases f a i r l y  s te a d i ly
over the complete range o f  C|-C^. As with M.C. both of these
organisms g ive  products a r is in g  from ox idation at u and u- 1  p os i t ion s .
The ox idation of terminal alkenes has been reported to
g ive  the epoxidesJ only. Internal alkenes gave a mixture o f  the
epoxides and products a r is in g  from attack at Cj, both with re ten t ion  of
con figuration . In te r e s t in g ly  c ie-but-2-ene gave, in addition to the
e ta -ep ox id e , 2-butanone. Whether th is  was accompanied by an 'NIH'
type o f  s h i f t  was not reported. I t  was noted that the trans-isomers
were ox id ised more rap id ly  than the ir  c fs-counterparts  by M.C., but
not with Mcthylo.r'uus trichoaporium or Methylomonae methaniaa,
although in most other aspects ox idations o f  alkenes by these two
organisms gave s im ila r  r esu lts  to those obtained with M.C. For20Paeudomonaa oleovarana May and his co-workers have found that the 
ox idation of tram, trana-\, 8 -d ideu tero - l ,7 -octad ien e  gave a product 
that consisted o f  30% epoxide o f  reta ined con figuration and 70% with 
inverted con figuration . These were suggested to a r is e  through 
ro ta t ion  o f an intermediate rad ica l or zw it te r ion ,  produced by 
a two-step mechanism o f  oxidation shown in F ig .  1.8.
Me thy la rinua triahoaporium, Methylomonao methaniaa and M.C. 
a l l  ox id ise  dimethyl and d ie thy l  e ther .  A l i c y c l i c ,  h e te rocyc l ic  and
aromatic (see Chapter 3) compounds were only ox id ised by Mcthylorinue
. 19trichooponum and M.C.
18Tonge et ul. reported that the immediate e lec tron  donor
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o f  the Methylosinua trichoaporium monooxygenase was a cytochrome CCQ
that could be reduced by ascorbate or by e lec t rons  derived from the
react ion o f  methanol dehydrogenase and methanol. In crude ex t ra c ts
neither NADPH nor NADH could serve as reductant and i t  was argued that
in vivo they may supply e lec trons  via an e lec t ron -transpor t  chain.
2 1
This resu lt  could not be repeated by other workers who found 
NADH to be the most e f f e c t i v e  e lec tron  donor, NADPH g iv in g  60-100% 
o f  the a c t i v i t y  of  NADH depending on the substrate. The methanol/ 
methanol dehydrogenase system gave only 12% o f  the a c t i v i t y  o f  NADH 
and ascorbate gave no a c t i v i t y .  This a b i l i t y  o f  an a lcohol to support 
monooxygenase a c t i v i t y  has a lso  been reported fo r  Methylomonas 
methanica^, although in th is  case ethanol was the reductant. For 
a l l  three enzymes the most e f f e c t i v e  reductant was NADH. With
Mcthylomonas methanica^ NADPH was only 60% as e f f e c t i v e  as NADH
22and with M.C. th is  value decreased to 50%.
the monooxygenases from Methyloainua trichoaporium t Methylomonas 
methanica and M.C. D if ferences  do e x is t  in that M.C. g ives  a so lub le
The above discussion does show a very  rea l  s im i la r i t y  between
The enzyme from Mcthyloainua triahoapovim has been reported as 
18 21 23
par t icu la te  and soluble . Higgins has stated that the mono­
oxygenase o f  Methyloainue triahosporium can be p a r t icu la te  or soluble 
depending on the growth condit ions and th is  can a l t e r  the substrate 
s p e c i f i c i t y .  He did not, however, sta te  what the d i f f e r e n c e s  in 
growth condit ions were.
The broad substrate s p e c i f i c i t y  o f  the enzymes discussed 
could be in terpre ted  as being due to the generation o f  a very  
n on -spec i f ic  hydroxylating agent such as superoxide anion or peroxide.
This p o s s ib i l i t y  is  decreased by the f ind ing  that the  monooxygenase enzyme 
from M.C. is  not inh ib ited  by superoxide dismutase o r  by catalase and 
that,  unlike the cytochrome P ^ q system, ox idations  cannot be 
supported by sodium c h lo r i t e  or sodium periodate^.
1.2.3 Monooxygenase In h ib i to rs
The s u s c e p t ib i l i t y  to in h ib i to rs  is  one way in which the
mono-oxygenase enzymes from M.C. and Methylomonaa methaniaa d i f f e r .
The enzyme from Mathylomonaa methanioa^ has been shown to be
inh ib ited  by a wide range o f  compounds including m eta l chelators ,
some metal ions and ace ty lene ,  whereas the M.C. enzyme has only
been shown to be inh ib ited  by 8 -hydroxyquinoline and acetylene.
With the enzyme o f  Methylosinua trichoaporim  the p ic tu re  is  unclear
18
due to c o n f l i c t in g  reports .  Tonge et al. showed that th is  enzyme 
was inh ib ited  by a wide range o f  compounds including cyanide.
S t i r l in g  , however, found that on ly 8 -hydroxyquinoline and acetylene 
inh ib ited  methane or ethene ox idation by crude e x t ra c ts  o f
Hcthylo8in.ua irichoaporium (of. M.C. r e s u l t )  and th a t  cyanide
enzyme, whereas that from Mcthylomonaa methaniaa is particulate.
stimulated methanol accumulation from methane. He a lso  found that CO
18
would not in h ib i t  the monooxygenase, which casts doubt on the report 
that the CO-binding cytochrome C is  the immediate e lectron donor o f 
the hydroxylase. Tonge a lso  found that amytal was a strong in h ib i to r
2 A
of the Methyloainua trìchoaporim  monooxygenase consistent w ith
the proposed intermediacy o f  an e le c t ro n  chain in the reduction o f  the 
2 1
hydroxylase. S t i r l in g  was unable to  repeat th is  resu lt  and found 
that amytal had very  l i t t l e  e f f e c t  on the hydroxylation o f  methane.
I t  would appear from S t i r l i n g ' s  resu lts  that the mono­
oxygenase systems from Mcthyloaima trichooporim  and M.C. are very  
s im ilar  and they d i f f e r  from that of  Methylomonas methanica only in 
s u s c ep t ib i l i t y  to in h ib i to rs  and in the par t icu la te  nature o f  the l a t t e r .  
In th is  respect the l a t t e r  enzyme appears to be more sim ilar  to  the 
monooxygenase from Methylococcua capaulatuo s tra in  Texas than to that 
derived from the Bath s tra in .
1.2.4 P u r i f i c a t io n  and Resolution
The monooxygenase system from M.C. has been separated into 
three components and p a r t ia l  charac ter isa t ion  of these components has 
been achieved by a v a r ie t y  o f  chemical and physical techniques.
Fraction A is  a large non-heme irorocntaining p ro te in  of 
molecular weight about 200,000. The function o f  th is  component is  not 
known with ce r ta in ty  but i t  could be the hydroxylase. I t  is
necessary fo r  the recombined enzyme complex to function.
25Fraction B is  a small co lou r less  prote in  o f  molecular 
weight about 15,000. Again i t s  function is  unknown, but i t  may be 
responsible fo r  the binding o f  subunits A and C together, because 
i t  i s  not abso lu te ly  necessary in the reconstituted enzyme system
Both o f  these f ra c t io n s  are comparatively stab le  at 0°C and no further
work on the ch a rac te r isa t ion  o f  them has been reported.
Fraction  C was found to be unstable when stored at 0°C
unless a rcductant such as sodium t h io g l y c o l l a t e , d i th io th r e i t o l  or 
2 5
NADH were present . Determination of the molecular weight by ge l
f i l t r a t i o n  gave a value o f  44,600 fo r  f ra c t ion  C. Gel e lec trophores is
on S.D.S. polyacrylamide gave the m olecu le 's  molecular weight as
26
39,000, in d ica t in g  that i t  is  composed o f a s in g le  polypeptide
Iso la ted  component C g i v e s  a yel low  solut ion whose spectrum is  shown
in F ig .  1.9. B o i l ing  r e lea ses  an FAD compound (a ls o  shown in
F ig .  1.9) that was id e n t i f i e d  by comparison o f  i t s  absorption spectrum
with authentic FAD, by t . l . c .  and by i t s  f luorescence exc i ta t ion
'>6
and emission spectra ( F i g .  1.10)*" . Colourimetric analys is  showed
but does enhance the efficiency of the system by 2 to 4-fold.
I mol o f  component C to  contain 1.00 mol o f  FAD
25
Absorption spcclm «*/ pnrilird i omponrnt ( and<»/ 
its prosthetic group
( nm pniictll ( '  w;is Iit'tl ¡util prosthetic pinup
piepared 11 (Mil n ;in dcsciilvd ni I Ik* Materials and 
Methods section Absorption spectra weie niensuied 
in .M iiim  sodium phosphate b u lla , pi I 7 ( I t .  I ’m lik'd 
component <: Mí» nip, o f protein mb. (2). purified 
component ( (I *1 nip o l protein mb; M i. prosthetic 
prouplprepared b> hoiluipa soluiion(*l'c(»mp(»ncni ( 
lo n l.iinn ip  .Vfiinp ol piolem m l), ( I I, I \ l ) (0.04 ^  him I.
/ luorcst encr emission and excitation xprrtra •»/ llir 
pio\tlh ii> group
Prosthetic pinup was prepared from a solution o f 
punlied component C (Snip, o f pi mem ml) as 
described in die Materials and Methods section 
. I mission spectrum with excitation at 450nm;
. excitation spectrum with emission at 520nm.
F ig .  1.9
Reproduced from J. Colby and H. Dalton, Bvoohcm.
F ig .  1. 10
J ., 1978, \T±, 465
Pu r i f ied  component C docs not show an ESR s ign a l ,  but
reduction with NADU gave r is e  to a f r e e  rad ica l  signal at
g »  2 . 0 0 2  a tt r ibu ted  to the f l a v in  semiquinone; complete reduction 
26
abolishes  th is  s ignal . The absorption spectrum taken during th is
t i t r a t i o n  o f  component C with NADH shows a progressive  decrease in
the in t e n s i t y  o f  the peak at 465 nm. The spectrum of f u l l y
reduced C was obtained on the add it ion  o f 1.2 mol NADH per mol of
enzyme suggesting that component C accepts two e lectrons per molecule.
I f  th is  t i t r a t i o n  was carried  out anaerob ica l ly  a new peak was seen
26
at 570-630 nm, a ttr ibu ted  again to the semiquinone
The ESR spectrum shown in F ig .  I . t l  shows add it iona l peaks
when compared to that o f  authentic f l a v in  semiquinone. These peaks
are b e l ie v ed  to be due to an I’e^S2  centre . Colourimetric analysis
25
shows one mol o f  these centres per mol o f  component C . The 
structure  o f  th is  Fe 2 S2  centre is  be l ieved  to be that shown in
F ig . 1.12.
2 047 1 960 1 864
H values
E.p.r. spectra o f  component C  
Component C (0.07/im ol; 0.3ml) in SOmst-Tris HCI 
buffer, p i 17, was made anaerobic b> repealed evacua­
tion and llushint! with argon («). N A D II (3/rmol) was 
added anaerobically lo  ihe sample and ihe spectrum 
tecnidcd after incuhaiion for I min at room tempera- 
line (ft). I he fully reduced spectrum (r)  was obtained 
by adding a few crystals o f solid sodium dilh ionitc to 
sample </>) and leaving it at room temperature for 
I min. The spectra were recorded at 19 K at a micro­
wave frequency o f 9.232GHz and modulation o f 
I.OmT. The microwave powers were: (a) lOmW; 
<M I m W ;(r) I mW.
Fig . I . l l
Reproduced from .1. Colby and H. Dalton, Biochem, 1979, 177, 907
25
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Fe v ^  F e ^
C ysS '"' S S x  SCys
Fig. 1.12
The function o f  component C is  be l ieved  to be that o f  an 
NADH reductase because pu r i f ied  component C can e f f e c t  the reduction 
by NADH o f  a number o f  acceptors. P u r i f i c a t io n  of th is  component 
can be achieved by binding i t  to  5'-AMP-Sepharose 4B and e lu t in g  
with NADH. The apparent Km values fo r  NADH and NADPH were found to be 
50 pm and 15.5 mM, r e sp ec t iv e ly ,  which supports the b e l i e f  that NADH 
is  the ph ys io log ica l  e lec tron  donor“^ .
1.3 CYTOCHROMK P450
Cytochrome P ^ q i s  the name given to a large fam ily  of 
isozymes that have been found in most prokaryotic and eukaryotic forms 
o f  l i f e .  I t s  major function in a l l  o f  these organisms i s  that o f  a 
monooxygenase. Cytochrome P ^ q i s  a misnomer because the cytochrome 
portion of i t s  name implies that i t  functions as an e le c t ro n  c a r r ie r .  
Before i t s  p h ys io log ica l  function was known, i t  derived i t s  name 
because o f  the s im i la r i t y  of  i t s  absorption spectrum to that o f  the 
•b ' type cytochromes. This absorption spectrum shows a la rge  Soret
band at 450 nm fo r  the reduced CO adduct o f  P4 5 0  (see F ig .  1.13).
. . . 27
The enzyme was f i r s t  observed in 1955 by G. R. Williams 
who was working with rat l i v e r  microsomes. Due to i t s  membrane-bound 
nature and corresponding in s o lu b i l i t y  no further charac ter isa t ion

27
• • 27
was possib le  u n t i l  1962 when Omura and Sato showed i t  to be a
. 27
haemoprotein. One year la t e r ,  Estabrook and his coworkers showed 
that i t s  p h ys io log ica l  function was that o f  a monooxygenase 
responsible  fo r  the C-21 hydroxylation o f s tero ids  and d e to x i f i c a t io n  
o f  c erta in  drugs. I t  has since become evident that th is d e to x i f i c a t io n  
o f  xenob io t ics  is  a double-edged sword in that the act ion o f  P ^ Q
on certa in  p o ly c y c l ic  aromatic compounds can cause them to  become
28
potent carcinogens . Since i t s  d iscovery  P ^ q has been found in a 
wide v a r ie t y  o f  l i f e  forms as tab le  1.2 shows. This tab le  a lso 
demonstrates the remarkable v a r ie t y  o f  compounds that serve as 
substrate to th is  fam ily  o f  enzymes. A l i s t  o f  functions that have 
been a ttr ibu ted  to th is  enzyme includes a l ip h a t ic  and aromatic 
hydroxylation, N -oxidation, sulphoxidation, epoxidation, N, S, 
and O-dea lkyla t ion , peroxidation, deamination, desulphuration and
dehalogenation, in add it ion  to the reduction o f  azo and n i t r o  groups,
. . . 29
N-oxidcs and epoxides
Major d i f fe ren ces  e x is t  in the nature o f  the cytochrome P ^ q
depending on i t s  source. Normally the enzyme iso la ted  from prokaryotic
sources, such as the camphor hydroxylase from Tacudomonaa putida, is
. . 27
soluble and r e l i e s  on the a c t i v i t y  o f  three components . The f i r s t  of 
these enzymes is  an NADPH^-linkcd f la vop ro te in  whose function is  the 
ox idation of the NADI’ ll  ^ c o fac to r .  The reducing equivalents  obtained by 
th is  enzyme are then passed to the second e n t i t y  in the chain, an 
iron-sulphur p ro te in . As iso la ted  from V. putida th is  prote in  contains 
a two iron ,  two sulphur c lus te r  and is  ca l led  put idaredox in^ .  The 
major function o f th is  component is  that o f  e lec tron  transport to 
the cytochrome P ^ q monooxygenase, where the reducing equivalents 
are u t i l i s e d  in the hydroxylation reaction.
Cytochrome P ^ y  isolated from eukaryotic microsomes is ,
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. isprev iously  mentioned, a membrane-bound e n t i t y  that r e l i e s  fo r  i t s  
a c t i v i t y  on the presence of two enzymes , As with the enzyme 
iso la ted  from prokaryotic sources the f i r s t  o f  these i s  an NADPH 
reductase i n i t i a l l y  ca l led  NADPH-cytochrome C reductase, but now 
more c o r r e c t ly  ca l led  NADPH-cytochrome P ^ q reductase. This enzyme
has a requirement for  a phospholipid cofactor and contains both FAD
30
and FMN . There is  no involvement o f  an intermediate e lectron  
c a r r ie r  as there i s  with the prokaryotic  systems. The reducing
equ iva lents  are passed d i r e c t l y  from the reductase to the mono-
. . 30oxygenase enzyme Via the path shown in eqn. 1.2 below
NADPH -*• FAD -*• FMN ■+ cytochrome P^jq
1 i---------- 1 (eqn. 1 . 2 )
NADPH-cytochrome P ^ Q 
reductase
Some evidence e x is t s  supporting a postulate that reducing
equ iva lents  can a lso  be supplied by NADH via a cytochrome b^
. . 31enzyme, catalysed by an FAD-containing cytochrome b,. reductase
This may f i t  in to the o v e ra l l  e le c t ron  transport pathway as shown
in F ig .  1.14. I t  has been found that although the cytochrome b^ pathway
can support cytochrome P ^ q cata lysed  hydroxylations, though with
a much lower e f f i c i e n c y  than the a lternate  route, there is  a
31syn e rg is t ic  e f f e c t  when both pathways are ava i lab le  . Like the 
prokaryot ic  sources o f cytochrome P^^qi eukaryotic mitochondrial
sources a lso  require  the intermediacy o f  an iron-sulphur prote in
. 29
as an e lec tron  ca r r ie r  between the reductase and hydroxylase
This f ind ing  is  consistent w ith  the b e l i e f  that mitochondria evolved
from bacter ia  having a symbiotic existence in eukaryotic c e l l s .
The l i v e r  is  the most important organ for  the removal
o f  drugs and other xenob iot ics  and so i t  is  not surpris ing to f ind
that i t  i s  the major source o f  cytochrome P ^ g I t  i s  an
31
NADU •* NADH cytochrome -*• cytochrome b^ -► acyl CoA
b, reductase desaturase
1  \+
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NADPH -*• NADPH cytochrome cytochrome P ^ q 0^
P /c„ reductase (hydroxylase)
Reproduced from 'Metal Ion A c t iva t ion  o f  Dioxygen', Ed. T. G. Spiro
F ig . 1.1 A
induceable enzyme, the structure and substrate s p e c i f i c i t y  o f  the
isozyme induced being dependent on the inducing agent used. The
terminology used to  id e n t i fy  the isozyme present r e l i e s  on i t s
r e la t i v e  m o b i l i t y  on SDS ge l  e le c t roph ores is ,  and consequently
on the enzyme's charge and mass. This i s  shown as a subscript
a f t e r  the enzyme's name, i . c .  cytochrome P ^ q EMj the LM
portion in d ica t in g  the l i v e r  microsomal source o f  the enzyme.
Cytochrome I>/( 5 oeim r e f ers t 0  the camphor hydroxylating enzyme
iso la ted  from P. Putida. There are important d i f fe r en ces  in the
various isozymes inso far  as structure and substrate s p e c i f i c i t y
is  concerned, although there are some fea tu res  in common. There
. . 32
is  l i t t l e  immunochemical c r o s s - r e a c t i v i t y  . Some o f  the d i f fe ren ces  
that have been i d e n t i f i e d  fo r  three o f  these isozymes are shown in
Table 1.3.

33
1.3.1 S tructure o f  cytochrome I ' ^ q
The hepatic microsomal enzyme is  membrane bound and so
i t  is  not surpr is ing  to f ind that i t  has a requirement fo r  a phos-
29
pholipid co fa c to r  . This co fac tor  is  phosphotidylcholine and a
ra t io  of phospholipid to cytochrome P ^ g  o f  2 0 : 1  has been found to
be the optimum r a t io  in reconstituted systems. I n i t i a l  work on
the is o la t io n  o f  hepatic cytochrome P^^g from i t s  membranous matrix
showed that loss o f  enzymic a c t i v i t y  was denoted by a s h i f t  o f  the
27
absorption band at 450 nm to 420 nm . This was due to denaturation
of the enzyme, a problem that was overcome by the use o f  g ly c e ro l
or some other  po lyo l  to protect the enzyme during the so lu b i l i s a t io n  
2 7
procedure . The ac t iv e  s i t e  o f  the p u r i f i e d  enzyme has been shown
to be a hydrophobic c l e f t  or depression in the enzyme's surface
. . 29
with a heme group at the base of th is depression
The presence o f  a heme group was demonstrated by Omura and 
Sato, long be fo re  the enzyme was p u r i f i e d ,  on the basis o f  i t s  
absorption spectrum (see F i g . 1.13), These spectra show a major 
Soret band at 450 nm, with an a band absorbing at 558 nm; no 0 band 
is  seen.
The heme group shown in F ig. 1.15 consists  o f  an iron atom
coordinated to the four nitrogens of a protoporphyrin IX moiety which
provides the four equator ia l  ligands to the iron atom. Spectral 
33 34
analyses and model studies support the b e l i e f  that the f i f t h ,  
ax ia l ligand is  the sulphur o f  a cyste ine  residue from the polypeptide 
chain. The s ix th  pos it ion  o f  th is  hexacoordinate complex is
occupied in the res t in g  state  by a water molecule, that is  displaced
. . 27
by an oxygen molecule during the c a ta ly t i c  cyc le
wn j
CHj (j CH,
H,C / ' r ^ C\ - ' CV ^ C H ,\ 1 1 /
C— N N— C
H c f \ /  \ h
C*=*N  ^ \ — C'
h ,c J I | V
CHiH
CH,
\
Hems
IFu protoporphyrin IX)
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F ig .  1.15
1.3.2 Cat a lytic cycle of cytochrome P,^
The various steps that are be l ieved  to const itu te  the 
c a ta ly t i c  cyc le  of  cytochrome P ^ q are shown in F ig. 1.16.
Catalytic , cyc le  o f  cytochrome P ^ q 
Fi g .  1.16
Spectral analys is  has shown that in the res t in g  state 
cytochrome P^5() contains a f e r r i c  ion that may be high spin, low 
spin or a combination of the two depending on the source o f  the
35
29
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the substrate w ith the loss o f  the water ligand to iron. The
change from hexacoordinate to pentacoordinate geometry at iron
is  accompanied by a change to the high spin state  (see F ig .  1.13).
As with haemoglobin th is change o f  spin s ta te  causes an increase
o f  the ion ic  radius o f  the iron , which moves out o f  the plane 
. . 29of the porphyrin r ing
Stopped f low  spectroscopy has shown that the second step 
o f  the cyc le  is  a one e lec tron  reduction o f  the ferric-heme complex“ . 
Analysis o f  th is  step by c i rcu la r  dichroism has shown that a 
movement of the polypeptide chain around the heme is  also associated 
with this reduction, although the nature and purpose o f  th is 
movement is  unknown.
Binding o f  the dioxygen molecule is  the th ird  step in 
the sequence. This step can be observed d i r e c t l y  by UV/vis spectroscopy 
with cytochrome ^4 5 ocam ar*d w*-t ^ c^e adrenal mitochondrial cytochrome 
P ^ q . Witli cytochrome P ^ ql^ st0PPe<^  f low  spectroscopy is  necessary to 
detect this very  fas t  react ion .
Step four in the react ion sequence is  trans fer  o f  a second 
e lec tron  to the ferrous-heme-dioxygen complex. As fo r  dioxygen binding 
th is  has not been observed as a d iscre te  step with cytochrome P ^ q^
enzyme . The first step in the catalytic cycle is binding of
but i t  has with P.
29 In the absence o f  substrate, addition o f
450cam
the second e lec tron  causes the ferrous-heme-dioxygen to break down
to the ferric-heme complex and superoxide. Even in the presence o f
29
substrate th is  can occur, poss ib ly  to the extent o f  50% . There
is  some experimental support f o r  the b e l i e f  that in vivo , at least f o r
p the second reducing equivalent is  supplied by the cytochrome
450LM
b,. pathway alluded to e a r l i e r .
Cleavage of the dioxygen molecule to give water and the
active oxygenating species, or some precursor to it, is step five.
35
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the substrate with the loss o f  the water l igand to iron .  The
change from hexacoordinate to pentacoordinate geometry at iron
is  accompanied by a change to the high spin s ta te  (see F ig .  1.13).
As with haemoglobin th is  change o f  spin s ta te  causes an increase
o f  the ion ic  radius o f  the iron ,  which moves out o f  the plane 
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o f  the porphyrin r ing  .
Stopped f low  spectroscopy has shown that the second step 
o f  the cyc le  is  a one e lec tron  reduction o f  the fe rr ic -hem e complex* 
Analys is  o f  th is  step by c i rcu la r  dichroism has shown that a 
movement o f  the polypeptide chain around the heme is  a ls o  associated 
w ith  th is reduction, although the nature and purpose o f  th is  
movement i s  unknown.
Binding o f  the dioxygen molecule i s  the th ird  s tep  in 
the sequence. This step can be observed d i r e c t l y  by UV/vis spectroscopy 
w ith  cytochrome I’ ^5 oc .im ant* with the adrenal m itochondria l cytochrome 
^450' With cytochrome stopped f low  spectroscopy is  necessary to
d e tec t  th is  very  fa s t  react ion .
Step four in the react ion  sequence i s  t ran s fe r  o f  a second 
e le c t ro n  to the ferrous-heme-dioxygen complex. As f o r  dioxygen binding
th is  has not been observed as a d is c re te  step with cytochrome P4 5 0 L.M
. 29 . .
but i t  has with P . , „  . In the absence o f  substra te ,  add it ion  of450cam
the second e lec tron  causes the ferrous-heme-dioxygen to  break down
to the ferr ic-hem e complex and superoxide. Even in the presence o f
. 29
substrate th is  can occur, poss ib ly  to the extent o f  50% . There
is  some experimental support f o r  the b e l i e f  that in vivo , at leas t  fo r  
P4 5 0 1 .M’ t *l°  st' roni* reducing equ iva lent is  supplied by the cytochrome 
b^ pathway alluded to  e a r l i e r .
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enzyme . The first step in the catalytic cycle is binding of
Cleavage of the dioxygen molecule to give water and the
active oxygenating species, or some precursor to it, is step five.
36
amount o f  controversy over the years because the nature o f  the
'a c t i v e  oxygen' is  not known. The mechanism shown in F ig .  1.17 is
29
that g iven in White and Coons' rev iew  . Their  use of a peracid or
perim id ic  acid as a precursor to the p e r f e r r y l  complex was o r i g in a l l y
I , 35
suggested by Hamilton , but does not c la im  universal acceptance
The nature of this step has been the subject of a considerable
A
■s 0 “ 6-o-c ~7 yu c\ n n
B
m 0 
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Poss ib le  methods o f  oxygen a c t i v a t io n  bv cytochrone
F ig .  1.17
Figure 1.17 shows two pathways: path A proposed h e te ro ly t ic  
cleavage of the acy lated ferr ic-heme complex and is  ca l led  the 
'oxenoid ' pathway. Path B is  termed the quasi-Fenton pathway as 
i t  is  based on the mechanism o f  ac t ion  o f  the Fenton reagent (see 
sect ion on models, th is  Chapter ),  and proposes a homolytic c leavage 
o f  the intermediate perim idic ac id . In both o f  these mechanisms 
iron is  shown in the f e r r i c  ox ida t ion  s ta te  throughout the cyc le  
and serves mainly as a conduit o f  e le c t ro n s  between i t s  ligands 
and oxygen. Botli mechanisms show an i n i t i a l  hydrogen atom abstract ion 
from substrate to g ive  an a lk y l  ra d ica l  which is  hydroxylated by 
cys S -F e ^ -O H .  The precursor o f  th is  iron species in Scheme A is  
cys S - F e ^ - O  which is  a resonance form o f  the p e r fe r r y l  ion 
( i . e .  Fe at the ox idation  le v e l  o f  +5) and has the other resonance 
forms shown in eqn. 1.3. Additional s t a b i l i s a t io n  o f  th is  species
might be achieved through some involvement o f  the porphyrin r ing  
system.
V -  IV -
S-Fe 02 *— » S-Fe -0 <— »
. 3'
Model s tud ies , p a r t i c u la r ly  by Groves
Chapter),  suggest that a p e r fe rry l  species is  capable o f  e f f e c t in g
hydroxylations o f hydrocarbons.
The next s tep  in th is  react ion cyc le  is  product formation,
i . e .  the in ser t ion  o f  the oxygen atom into the C-H bond o f  a substrate
molecule. There are fo u r  methods shown in F ig .  1.18 whereby th is
may be achieved. The f i r s t  (path A) invo lves an i n i t i a l  abstraction
S-Fe“  -0 (eqn. 1.3)t
S-Feni0~
(see sect ion  on models, th is
C-OH
- t  +
H A  C^  y"
C -H
C H* "B D*I
C-OH
C -O H
C ;;- ;H
VI
C-OH
Possib le  mechanisms of substrate ox idation 
by monooxygenase enzymes
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o f  a proton by the o x id is in g  agent to  g ive  a carbanion, fo llowed 
by combination o f  th is  species w ith  an e l e c t r o p h i l i c  oxygen atom 
to g i v e  the product a lcoh o l .  Path B d i f f e r s  in that a hydrogen 
atom is  i n i t i a l l y  abstracted; in path C a hydride ion is  removed.
The fourth  p o s s ib i l i t y ,  path D, in vo lves  a concerted, three-centre  
in s e r t io n ,  which is  the type o f  r eact ion  shown by carbenes and n itrenes  
that led  Hamilton to his suggestion o f  an 'oxenoid ' pathway* (see 
s ec t ion  on models, th is  Chapter).  The fa c t  that an 'NIH' s h i f t  
(see  Chapter 2) is seen in ox idations  catalysed by cytochrome 
P ^ q was seen as supporting evidence fo r  the oxenoid pathway. I f  
the mechanism is  a concerted in se r t ion  ( i . e .  path D) then hydroxylation 
rea c t ion s  should proceed w ith  re ten t ion  of con figu ra t ion .  This 
means that in substitu tions  o f  a c h ira l  centre the r e l a t i v e  con figura t ion  
o f the substituent groups w i l l  be reta ined even though i t  may change 
from, e .g .  an R to an S con figu ra t ion .  This can occur due to a change 
in the p r i o r i t i e s  of  the substituents due to the d i f f e r in g  p r i o r i t i e s  
o f  the new group when compared to the replaced one. Furthermore, there 
should not be a large isotope e f f e c t  and l i t t l e  s e l e c t i v i t y  fo r  
a t tack  at C-H o f  a methyl, methylene or methine group. For the other 
pathways (A-C, F ig .  6) s e l e c t i v i t y  would be determined by the r e la t i v e  
s t a b i l i t i e s  o f  the intermediates produced T i . e .  carbanion (A ) ,  
ra d ica l  (B) or carbocation ( C ) ].
In ox idations o f  cyclohexene, methylcyclohexane and 
b i c y c l o l 4 , IjOjhexanc with cytochrome t *ic product ratiosfound
were not consistent with a d i r e c t  in s e r t i o n ^ .  Furthermore, although 
no o v e r a l l  isotope e f f e c t s  were found, in competition experiments,
i . e .  those with a mixture o f  deuterated and non-deuterated substrate , a
35
pre fe rence  was found fo r  hydrogen abstract ion  . This evidence, 
coupled with that obtained from model s tud ies , suggests a rad ica l
^  '■ •$ « • i l l
mechanism is  the one used by th is  enzyme. Groves found that ox idation
of a s p e c i f i c a l l y  deuterated norbornane with cytochrome led
. 35to some invers ion  of stereochemistry  at the CHD group attacked
( i . e .  i'xo D in substrate -*■ endo D in product a lc o h o l ) .  However,
36
Capsi has shown that ox idation  o f  a ch ira l  methyl proceeds with 
re ten tion  o f  con figura t ion .
The f in a l  step in the react ion  sequence is  that of  
d issoc ia t ion  o f  product, f r e e in g  the enzyme f o r  another c a t a l y t i c
c y c l e .
The dioxygen molecule that is  normally used in the 
reactions o f  cytochrome P ^ q can kc replaced by peroxides and other
oxygen donors, e .g .  peroxyacids, sodium per ioda te ,  iodosylbenzene,
. 29cumene hydroperoxide . I t  has been suggested that such compounds
could s lo t  d i r e c t l y  in to  the c a ta ly t i c  cyc le  and by doing so remove
the necessity  fo r  both oxygen and the source o f  the reducing 
. 37equiva lents. Estabrook however, pointed to the d i f f e r e n t  product 
d is tr ibu t ion  ( e . g .  cumene hydroperoxide supported hydroxylation o f  
benz(a)pyrene gave mainly quinoncs whereas NADPH supported hydroxylation
gave phenols) found when cumene hydroperoxide replaced oxygen. White
29 . . .
and Coon suggest that the mechanism shown in path B o f  F ig .  1.17
can explain these d is t r ib u t ion s  because hydrogen abstract ion  from
the substrate is  achieved by the a lkoxide r a d ic a l ,  and not by
the ferr ic-heme-oxy complex. Var ia t ions  in the nature o f  th is  alkoxide
rad ica l ,  they suggest, could account fo r  product d is tr ibu t ion s
observed. Experimental support fo r  th e ir  suggestion comes from the 
. . 29
trapping of a cumyloxy ra d ica l  in microsomes exposed to cumene hydroperoxide.
AO
I . A MODEL SYSTEMS
The main reasons fo r  studying model systems in conjunction
with enzymic mechanisms are tw o - fo ld .  F i r s t l y ,  in a react ion  mixture
containing a few known chemical compounds i t  is  much eas ie r  to
in te rp re t  mechanistic resu lts  than in a react ion  mixture containing
complex enzymes and co-enzymes. The second reason f o r  looking at
model systems is  that an acceptable postulated enzyme mechanism should
have an analogy in non-enzymic chemistry.
Care must be taken when ex trapo la t in g  the r esu lts  from
studies on model systems to an enzymic mechanism because the solvent
in the model studies could a f f e c t  the mechanism. The degree of
hydrophobicity o f  the enzyme's a c t iv e  s i t e  could be markedly
d i f f e r e n t  from the environment o f  the model complex. This is  seen
in the assumption that ox ida t ion  of i s o t o p ic a l l y  la b e l led  aromatic
compounds g iv in g  low or non-existent isotope re ten t ion  ind icates  a
pathway other than that invo lv ing  an arene oxide with concomitant
NIH s h i f t ,  because the re ten t ion  values have been shown to be solvent
38 39
dependent in both enzymic and model hydroxylations.
Occasionally  the most obvious model system may not be
tlie most informative. Such is  the case with c y t o c h r o m e - P ^ Q  where
a reasonable model should be an is o la ted  iron-porphyrin complex in
the presence o f  oxygen. Such complexes have been made that are
3A.A0
capable o f  ca ta lys ing  hydroxylation react ions  ’ , but these have
not,  as y e t ,  y ie lded  much information on the mechanism o f  ac t ion ,
3 4
although Sakurai 's  work has been useful in id e n t i f y in g  the a x ia l  
ligands o f  the heme group (sec sect ion on cytochrome P ^ q in 
th is  Chapter).
I d e a l l y  a good model fo r  a monooxygenase enzyme should be
41
able to cata lyse  a l l  o f  the var ious  react ions  that the enzyme i t s e l f  
can perform, i . e .  o l e f i n  epoxidat ion , a l ip h a t ic  and aromatic 
hydroxylations. Although aromatic hydroxylation and o l e f in  epoxidation 
are not d i f f i c u l t  to  ach ieve, u n t i l  r ec en t ly  few model systems were ab le  
to  e f f e c t  the hydroxylation o f  unactivated a l ip h a t ic  hydrocarbons.
This was unfortunate because th is  c lass  o f  compounds was p o t e n t ia l l y
. . . 35the most useful f o r  probing the react ion  mechanism
The s im i la r i t y  between many monooxygenase react ions  and the
react ions  o f  carbenes and n it renes  prompted Hamilton to suggest an
'oxenoid ' or oxygen trans fe r  reagent as the a c t i v e  oxygen species .
Carbenes and n it renes  both have s ix  e lec t rons  in th e i r  outer she l ls
and so i t  was presumed that the a c t i v e  oxygen species  would a lso  be
e lec t ron  d e f i c i e n t  and would show e l e c t r o p h i l i c  ch a ra c te r is t ic s .
The best understood example o f  an oxenoid mechanism is  
. . 41
the epoxidation o f  o l e f in s  by peracids . This is  b e l ieved  to proceed
via e i th e r  the one step react ion  mechanism shown in F ig .  1.19 or
the c y c l i c  intermediate shown in F ig .  1.20. T r i f lu o ro p e r a c e t ic  acid
is  the most r ea c t iv e  o f  the peracids and i s  capable o f  hydroxylating
aromatic r ings .  This react ion  does proceed with an NIH s h i f t ,  although
. 42the re ten t ion  o f  i s o to p ic  labe ls  is  rather low . These resu lt s  led 
Hamilton to suggest that a pcrac id ,  or poss ib ly  a peramide, might be 
the a c t iv e  oxygen species  in monooxygenase react ions  ( th is  mechanism 
is  shown fo r  some copper-contain ing enzymes in the sect ion on
monooxygenases in th is  Chapter).
42
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Lindsay-Smith et al. showed that ox ida t ion  of [4 -  H]phonylalanine
with autox id ised  I , 3 , IO -tr im ethy l-5 ,IO -d ihydroa l loxaz ine  gave tyros ine
with r e l a t i v e l y  low le v e l s  o f  deuterium reten t ion .  This r e s u l t  was
concluded to in va l ida te  the pathway postulated by Hamilton (carbony l-
oxide interm ed iate :  see sect ion on monooxygcnascs in th is  Chapter)
and was b e l ie v ed  to support a f r e e  ra d ica l  mechanism fo r  monooxygenases.
Amongst the e a r l i e s t  o f  the m etal-containing model systems fo r  
. . 47monooxygenase enzymes was that d iscovered  by Udenfriend . I t  i s  now 
ca l led  the Udenfriend system and con s is ts  of ferrous ions, EDTA, 
ascorbic ac id  and oxygen. EDTA is  not abso lu te ly  necessary, although 
i t  does increase the e f f i c i e n c y  o f  the system. Ascorbic ac id  serves 
as the reductant and can be rep laced by a number o f  other reductants
including te trahydrob iop te r in ,  N -benzyl- l ,4 -d ihydron icotinam ide
, 32
and diamiiDpurine . The Udenfriend system is  able to cata lyse  most 
o f  the rea c t ion s  of a ty p ica l  monooxygenase in that i t  can epoxid ise  
o l e f in s ,  and hydroxylate a l ip h a t ic  and aromatic hydrocarbons. The
observed product d is t r ib u t io n  o f  i t s  react ion  with aromatic compounds
. . . 42
suggests an e l e c t r o p h i l i c  oxygenating agent, although no NIH s h i f t  occurs
The lack o f  an NIH s h i f t  coupled w ith  the fac t  that some attack  at the
3-pos it ion  o f  an iso le  is  seen argues against the intermediacy o f
an arene ox ide in the react ion  sequence. Arene oxides are be l ieved
to be formed by the attack o f  a s in g l e t  oxenoid species on an aromatic
r ing .
The hydroxylating agent in the Udenfriend system is  not 
the hydroxyl or superoxide r a d ic a l ,  or hydrogen peroxide. Hamilton 
has suggested that i t  i s  a species derived  from t r i p l e t  dioxygen 
and a metal ion. In th is  type o f  complex the unpaired e lectrons 
o r i g in a l l y  on an oxygen atom o f  d ioxygen, could be transferred  to 
the metal, with s ta b i l i s a t io n  o f  the complex. Follow ing such
44
considerations V is s c r  suggested the mechanism shown in F ig .  1.22
fo r  the Udenfriend system.
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The major d i f f i c u l t y  in determining the mechanism o f  the 
Udenfriend system a r is e s  because i t s  react ions  are not c lean, 
i . e .  a complex mixture o f  products is  formed in hydroxylations 
mediated by th is  system. This problem does not a r is e  when 
Fenton's reagent is  used. This reagent con s is ts  o f  ferrous ions
and hydrogen perox id e ,  and is able to o x id is e  most organic compounds.
. . , . 32
According to the mechanism proposed by Haber and Weiss one
e lec t ron  reduction o f  hydrogen peroxide by ferrous ions g ives  hydroxide and
an hydroxyl ra d ica l  (cqn. 1.4) as the hydroxylating agent.
Fe11 + H202 -► Fe111 + O l f  + OH' (eqn. 1.4)
45
Aromatic hydroxylations using Fenton's reagent did not show an 
. 42
NIH sh i f t  . This fa c t ,  coupled with the un like lihood o f  a 
hydroxyl rad ica l being the a c t iv e  hydroxylating species in 
enzymic reactions appeared to  de tract  from the value o f  th is  reagent 
as a monooxygenase model. However, by rep lac ing  the aqueous so lvent
49
used in tlie o r ig in a l  Fenton's reagent by a c e t o n i t r i l e ,  Castle c t al.
found some deuterium re ten t ion  ( i . e .  NIH s h i f t )  in aromatic
hydroxylations. Moreover, they showed that the amount o f  deuterium
39
retained was re la ted  to the water content o f  the solvent (see 
Table 1.4 below). This suggested that the hydroxylating species 
was probably rad ica l in character ,  poss ib ly  FeO^ or FeO^^ or 
maybe even a t r i p l e t  oxenoid species .
G roves^  has shown that ox ida t ion  o f  cyclohexanol by Fenton's 
reagent g ives a mixture o f  products, containing predominantly 
c fc -cy c loh ex an e - l ,3 -d io l .  Using 7-hydroxynorbornane as substrate 
he obtained exo, ci/n-2,7-dihydroxynorbornane^. For both of these 
hydroxylations he suggested that the hydroxyl group present in the 
substrate serves to d ire c t  the ox idat ion  leading to the observed 
r eg io -  and s t e r c o s p e c i f i c i t i e s .  Using deuterium-labelled  7-hydroxy­
norbornane lie demonstrated a 2,6-hydrogcn s h i f t  in i t s  ox idat ion  and 
IV
suggested an Fe = 0 species as the a c t iv e  hydroxylating group.
The mechanism proposed’  ^ f o r  these hydroxylations is  shown in 
F igs. 1.23 and 1.24, and cons is ts  o f  an i n i t i a l  abstract ion  o f  a 
hydrogen atom lo  g ive  an intermediate ra d ica l ,  which is  rap id ly  
oxid ised to a carbenium ion by the Fe-OH group. Transfer  of  the 
hydroxyl group from the Fe—Oil moiety to the carbenium ion then g ives  
the d io l  product.
Table 1.4
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E f fe c t  o f  solvent on the deuterium reten tion  o f  [4-"ri [chloro­
benzene on ox idation  by m odif ied  Fenton's reagent
,0 content 
' (mmol)
NIH s h i f t  
(Z)
0 38
2.8 37
5.6 37
I I . 1 34
16.7 29
38.9 15
44.5 10
83.4 9
172 12
284 14
450 16
)«)<)
L-
no <»n
&
Oil
Reproduced from J. T. Groves and M. Van Der Puy,
,7. Am. Cho.m. Soc., I <>76, 98, 5290
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M ,
I
F ig .  1.24
Reproduced from J. T. Groves and M. Van Der Puy
J. Am. Chem. S o a 1976, 98, 5290
Other model systems, re la ted  to  Fenton 's reagent or the 
Udenfriend system, include the s o -ca l led  Hamilton system. This 
contains f e r r i c  instead of fe rrous  ions, hydrogen peroxide and a 
redox ac t iv e  diphenol such as ca techo l ,  which complexes to the iron 
(o f . EDTA in the Udenfriend system) and provides the reducing power. 
The Hamilton system is be l ieved  to  operate via a rad ica l  mechanism 
fo r  the ox idation o f  both a l ip h a t ic  and aromatic hydrocarbons, the 
l a t t e r  showing l i t t l e  NIH s h i f t .
As with cytochrome P ^ q , i t  i s  poss ib le  to rep lace  
dioxygen by a peracid in a m odif ied  Fenton's reagent. Groves^' 
found that the ox idation of cyclohexanol by ferrous perch lorate  
and meta-chloroperbenzoic ac id  in a c e t o n i t r i l e  gave, in add it ion  to 
cyclohexanone, a mixture o f  a l l  poss ib le  d io l s ,  although the 
1 ,2-d io l was the major one formed. Even though th is  react ion  pathway
48
is  be l ieved  to invo lve  rad ica l  intermediates the hydroxy la t ion  is  
s te r e o s p e c i f i c .  This means that the developing carbon r a d ic a l  is  
captured be fore  invers ion  takes p lace .
In the m a jor ity  of  the model systems described above the 
hydroxylating agent is  be l ieved  to be an Fe »  0 spec ies ,  consistent 
with the proposed 'a c t i v e  oxygen' in the cytochrome react ions
(sec sect ion on cytochrome P ^ g *  th is  Chapter).
Model systems have been described which generate  an ac t ive  
hydroxylating species based on metal ions that arc not normally
found in monooxygenase enzymes ( c o b a l t ,  tungsten, vanadium and 
32 52molybdenum complexes ’ ) .  Sharpless has shown that a chromyl
complex has aromatic hydroxy lat ing  capac ity  and that th is  proceeds 
with an Nil! s h i f t .
\
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CHAPTER 2
CYCLOPROPANES
2.1 OBJECTIVES
Numerous rearrangements proceeding via rad ica l  or ca t ion ic  
intermediates are known in the chemistry o f  cyclopropanes'. This 
makes cyclopropanes p o t e n t ia l l y  valuable  substrates fo r  enzymes, 
because such r ea c t iv e  intermediates might a r ise  in the enzyme- 
catalysed react ions . Analysis o f  the products from such reactions 
might enable c e r ta in  conclusions to be drawn about th e ir  pathways 
and mechanisms.
2.2 CYCL0PR0PAN1-: STRUCTURE
In 1885 Adolf  von Baeyer put forward a theory to account
fo r  some o f  the unusual chemistry o f  small a l i c y c l i c  compounds . His
3 . .
theory centred around the s tra in  that i s  present when an sp hybridised 
carbon has i t s  bond-angle compressed from the te trahedra l value of 
109.5° to that o f  60° in cyclopropane and 90° in cyclobutane. This 
angle s tra in ,  p a r t ic u la r ly  in the cyclopropanes, leads to a certa in  
degree o f  i n s t a b i l i t y  and consequent increased r e a c t i v i t y .  Measurements 
o f  heals of  eomluislion show cyclopropane to be 38.5 kJ mol per 
methylene group less stab le  than cyclohexane, the leas t  strained o f  
the small to medium rings“.
Quantum mechanical ca lcu la t ions  by C. A. Coulson and
W. A. M o f f i t  led them to suggest the presence o f  ’ bent ' or 'banana'
2
bonds in cyclopropanes (o f . F ig .  2.1) . The carbon-carbon bond-length
iii cyclopropane o f  1.51 X is  in-between that o f  a ty p ica l  sp^-sp^
C-C s ing le  bond (1.48 X) and an sp^-sp'* C-C s ing le  bond (1.53 X ).
The hybrid isation  o f  the o r b i ta ls  o f  the C-C bonds in cyclopropane shows
4.12
about 17% s character and has been ca lcu la ted  as sp , whereas the
2
o r b i t a ls  used in C-H bonding are sp having about 33% s character.
Owing to the bent nature o f  the C-C bonds and th e ir  diminished s 
character, they cannot s t r i c t l y  be c a l led  a bonds.
2.3 CHEMISTRY OF CYCLOPROPANES
There are two general types o f  react ion  that cyclopropanes 
undergo: f r e e  rad ica l  substitu tions  and e l e c t r o p h i l i c  add it ions . In 
the fo l low ing  discussion, intermediates w i l l  be represented by so l id  
l in es  and a more d e ta i led  discussion o f  th e ir  structure w i l l  be 
undertaken in a la te r  sect ion .
(a )  Free Radical Reactions
In common w ith other saturated hydrocarbons, cyclopropanes
can undergo substitu tion  via a f r e e  rad ica l  mechanism. In the case o f
ch lo r ina t ion ,  under mild condit ions , the products are chlorocyclopropane
3
and 1 , I -dich lorocyclopropane .
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(b )  Addition  Reactions
The add it ion  o f  e le c t ro p h i le s  to cyclopropanes to g iv e  
r ing-opened products, of. eqns. 2 . 1  and 2 . 2  below, lends support to  
the idea o f  increased p character in the C-C bonds.
A + aq .H 2S04 -*■ CH3CH2CH2OH
A + HBr CH3CH2CH2Br
The d i r e c t io n  o f  add it ion  for  substituted cyclopropanes obeys the
Markownikov ru le .  Thus, add it ion  o f  HC1 to methylcyclopropane gave
( 4
only 2 -chlorobutane, no I - c h lo ro - 2 -methylpropane being found .
As with most other organic molecules, the reaction o f  
cyclopropane with molecular oxygen is  extremely s low, but with
0 ( P) ( i . e .  ground s ta te  atomic oxygen) react ion  is  very much 
5 3
quicker . Normally the react ion  o f  0 ( P) with saturated alkanes
proceeds via an i n i t i a l  abstract ion  o f  a hydrogen atom from the
alkane by the oxygen atom. With unsaturated hydrocarbons, however,
the react ion  d i f f e r s  in that the oxygen atom adds to the compound
to produce a s h o r t - l i v e d ,  energy r ich  compound. This species then
5a
undergoes a unimolecular fragmentation react ion  . E a r l ie r  in th is  
Chapter i t  was shown that cyclopropanes can undergo two d i f f e r e n t  
types o f  r eact ion .  These were a hydrogen atom abstract ion  (of. most 
a l ip h a t ic  compounds) and an add it ion  rea c t ion ,  supporting the 
hypothesis fo r  ex tra  p-character in the C-C bonds. I t  is  th is  
l a t t e r  type o f  react ion  that Seala and Wu b e l ie v e  to take place 
between 0 ( P) and cyclopropane . They base th e i r  argument on the
(e q n . 2 . I ) 
( e q n . 2 . 2 )
observed product d is t r ib u t io n ,  and the fact th a t  the reaction is  
slower than the corresponding one with other cyc loa lkanes, which 
is  a consequence o f  the unfavourable entropy f o r  attack at the 
edge o f  the cyclopropane r ing . Th is  is  supported by the f ind ing  
that the pre-exponentia l fac tor  f o r  the above react ion  is  very much 
smaller than fo r  compounds known to  react via a rad ica l  abstraction 
mechanism6 . Huie and Herron6* ,  however, s t i l l  f e e l  that the 
react ion  proceeds via an i n i t i a l  hydrogen ab s tra c t ion  step, 
fo l lowed  by a rapid combination o f  the a lky l ra d ica l  with the 
oxygen species to  generate a 'h o t '  cyc loa lkocy l  rad ica l ,  which 
decomposes to g ive  the observed products.
2.4 POTENTIAL INTERMEDIATES IN OXYGENATION PATHWAYS
2 .4 (a )  CATIONIC SPECIES
The react ions  o f  cyclopropane rings with e le c t roph i le s  to 
g ive  r ing-opened, substituted propanes go by way o f  carbenium ions, 
the exact nature o f  which is  unknown. There have been a number of 
p o s s ib i l i t i e s  put forward o f  which (a ) the corner  protonated and 
(b ) the edge-protonated species, shown in equations 2.3 and 2.4, have 
found most support ' .  A l t e r n a t i v e l y ,  e l e c t r o p h i l i c  attack could lead 
d i r e c t l y  to a c la s s ic a l  carbenium ion that is  captured by a nucleophile 
as shown in equation 2.5.
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(eqn.2.4)
(eqn .2 .5 )
There are a few experimental resu lts  that e l im inate the p o s s ib i l i t y  of
some o f  the proposed c a t io n ic  species act ing  as intermediates. Treat-
7 8  3
ment o f  cyclopropane with t r i t i a t e d  H2 S0^ or Lucas reagent (ZnCl2~ HC1) 
gave on ly  the I -su bst itu ted  propanes with the labe l d is t r ib u t ion  shown 
in equations 2.6 and 2.7 below.
A + H,S0. -*• CH,— CH-— CH„OH 2 A 3 2 2 (e q n . 2 . 6 )
37% 26% 37%
A + ZnCl2- 3HCl CH3 — CH2 — CH2 C1 (eqn . 2 . 7)
A3.5% 18% 37.5%
(atom % t r i t i a t i o n  shown)
iti
A11 Ikmi)'Ii there it; some difference in the absolute quantities both 
examples show label in tlie C2 position, which is not consistent 
with a non-delocalised classical carbenium ion, i.e, equation 2.5 
alone cannot explain these results.
The react ion  o f  HBr with bromocyclopropane showed a 
mixture o f  a l l  three dibromopropancs as products. I f ,  as has been 
s ta ted ,  the ad d it ion  obeys the Markownikov ru le ,  then the c la s s ic a l  
carbenium ion (o f.  eqn. 2.5) should g ive  r i s e  to only 1 , I-dibromopropane. 
These r e s u l t h a re  more consistent witli the pathways of equations 2.3 
and 2.4, or p os s ib ly  even a rap id ly  e q u i l ib ra t in g  mixture o f  the two 
c a t io n ic  species  o f  these pathways.
Scala  and Wu^  have pointed out that the react ion  o f 
cyclopropane w ith  oxygen is very  slow in comparison with other cycloalkanes. 
Th is ,  they argue, may be due to the unfavourable entropy o f  a c t iva t io n  
which could be a resu lt  o f  the requirement fo r  attack at the edge of 
the r in g .
The pos it ion  with regard to the ca t io n ic  intermediates 
generated in the s o lv o ly s is  o f  appropria te ly  substituted m ethylcyc lo- 
propanes or in the deamination o f  cyclopropylmcthylamine caused by 
n it rous  acid i s  more complicated. Both o f  these react ions  generate 
a mixture of products (eqns. 2 .882 .9 )  that the postulated intermediates
9 . . .
lvive to be able to account fo r  . One a lso  has to explain the scrambling 
o f  labe l  that i s  shown in equation 2.10 below, and the unusual, high
s o lv o ly s is  r a le s  found in these systems.
EiOIIi-yi -OH[^-C^OH ♦ + CH^CHCH.CHjOH
ca.48% ca.47% ca. 5%
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1/ U N O , i r- / 011- C H  NIL — 1 [ > - L H 2OII *  | _ j + LH™CHCH2CH2OH
ca. 56% ca. 40% ca. 4%
(eqn. 2 .1J)
52% 13C 
—CI-^OH
I | ■ I
48%13C
(e q n .2.10)
1 'lie resu lts  ol the hydro lys is  o f  cyclopropylcarbinvl-O-methanosulphonate, 
com pletely  deuterated except at the pos it ion  shown in equation 2.11, to g ive  
products with hydrogen appearing only at tlie indicated pos it ions ,
complement those o f  equation 2.10.
OMs acetone
\ip
(eqn. 2.11)
A number o f  p o s s ib i l i t i e s  have been advanced fo r  the structure o f  the 
interm ediate  involved in the reactions o f  the above type (eqns. 2.8-2.11)
and these are shown in F igs .  2.2-2.5.
+
F ig .  2.2 The ’ unsymmetrical hom oa l ly l ir1 ion.
+r i g .  2 . )  The 'symmetrical h om oa l ly l ic '  ion.
F ig .  2 .A Tin bicyclobutoniurn ion
3 1
u =
n
F ig .  2 . r> The t r icy i  1 obutoni urn ion.
The tricyclobutonium ion (F ig .  2 .5) has been discounted both on the
grounds o f  th eo re t ic a l  ca lcu la t ions  and because the methylene groups
. . . 9
are not always completely equ i l ib ra ted  during some react ions  .
Intermediacy o f  the tr icyclobutonium ion must e q u i l ib ra te  a l l  three
methylene groups.
The work o f  Schleyer and Van l)ine on the e f f e c t s  of
methyl subst itu t ion  at the 3-carbons on the rates o f  so lvo lyses  of
c.yclopropyIcarbiny1 substrates ind ica tes  that the two r ing  methylene
9
carbons o f  the parent system are equiva lent . This conclusion is  
supported by the work o f  Olali and his co-workers on the NMR spectra 
of cyc lopropy lcarb ino l in SbF^-St^ClF at -70 C that g ive s  the C 
and 11 resonances shown in F ig .  2.6
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t o
H NMR -  Hq -  4.64 p.p.ra.
11. -  4.21 p.p.m. 
-  6.50 p.p.m.
F ig .  2.6
1!C NMR C,-C3-CA -  137.9 p.p.m.
C2  "  84.7 p.p.m.
Chemical s h i f t s  quoted are 
r e l a t i v e  to externa l TMS
Both o f  the S-methylene carbons are equ iva len t so the 'unsymmetrical 
hom oa l ly l ic '  ion (F ig .  2.3) is  u n l ike ly  to be the structure of the
that the increased s o lv o ly s is  rate  o f  cyc lopropy lcarb iny l ch lo r ide  
r e la t i v e  to that o f  other appropria te ly  substituted cycloalkanes is  
simply due to an inductive e f f e c t  s t a b i l i s in g  the carbenium ion. I t  
is  doubtful that an inductive e f f e c t  could lead to such a large 
downfield s h i f t  o f  the C3/C4 protons. This is  more l i k e l y  to have 
arisen from conjugation leading to charge d e lo ca l is a t io n  over the 
en t i r e  r ing  with consequent s ta b i l i s a t io n  o f  the carbenium ion. This 
s ta b i l i s a t io n  is  maximised in the 'symmetrical hom oa l ly l ic '  ion in  
F ig .  2.3. F ig .  2.7 shows the conformation o f  th is  structure that allows 
maximum overlap o f  the empty p o rb i ta l  with the r ing carbon-carbon 
bonds.
intermediate. This NMR resu lt  a lso  argues against the p o s s ib i l i t y
H
Fig . 2.7
In some p o ly c y c l ic  systems the 'b isec ted  s tructure ' cannot
be achieved because o f  some constra in t o f  the molecular framework.
61
w  r'slmm
'
Thus, the cyclopropyl d e r iv a t iv e  o f  1-chloroadamantane (F ig .  2.8) under-
-3
goes s o lv o ly s is  in 50% ethanol 10 slower than I-chloroadamantane 
(F ig .  2 .9 ) ,  because the cyc lopropy lcarb inyl cation derived  from the
cyc lopropy l-subst itu ted  I-chloroadamantane possesses a r e l a t i v e l y
. . 9unfavourable perpendicular conformation (F ig .  2 .10 ) .
F ig .  2.10
The p o s s ib i l i t y  that the bic.yclobutonium ion (F ig .  2.4) 
is  an intermediate in the s o lv o ly s is  o f  appropr ia te ly  substituted
1 0
melhylcyclopropanes rece ives  most support trom th eo re t ic a l  studies ,
but there is  no NMR evidence fo r  th is  species .
The m ajor ity  o f  evidence points  towards the b isected
structure (F ig .  2 .7 ) ,  which has a b a r r ie r  to r o ta t ion  around the
-I 10
C1-C2 bond o f  107.6 kJ mol
2.4(b) RADICAL SIT.CII'.S
Free rad ica l  ch lo r in a t ion  o f  cyclopropane g i v e s  products
o f  subst itu t ion  in which the thrco-membered r ing  is re ta ined  (of.
Section 2 ( i i ) ) .  Due to the amount o f  r ing  s tra in  in cyclopropanes,
the o lc c t r o c y c l i e  r ing-opening shown in equation 2.12 might be
expected to bo favourable .  However, th is  docs not occur read i ly
because of the high a c t iv a t io n  energy b a r r ie r  for  both conrotatory
1 1 1 2
and d is r o la lo r y  ring-opening
lo  tlie a-hydrogen to be 6.5 C, whereas in planar a lky l r a d ica ls ,  this
is  found to be approximately 20 G. This low value fo r  the cyclopropyl
rad ica l  has been accounted fo r  by pos tu la t ing  a pyramidal structure
(of. eqn. 2 .13 ) .  This i s  supported by the f ind ing  that some substituted
cyclopropyl rad ica ls  r e ta in  th e ir  con figu ra t iona l  i n t e g r i t y  during
a reac t ion .  However, the parent cyclopropyl rad ica l i s  presumably rap id ly
in ve r t in g  because Kobayashi*^ , who trapped with bromine a deuterated
cyclopropy l r a d ic a l ,  formed via a Hunsdiecker r ea c t ion ,  found the
r a t io  o f  civ  to tvam product to be un ity .  In agreement, the ESR
spectrum'* shows the p-hydrogens to be equ iva len t .  The inversion of
the c.yclopropyl rad ica l  i s  be l ieved  to proceed via a tt rad ica l
tran s i t io n  s ta te  (eqn. 2 .13 ).  This invers ion  was noted by Fessenden
and Schu ler '*  to be rapid at -I20°C , and was quoted by Walborsky '5
8  — I
as having a ra te  constant o f  approximately 10 s . Un fortunately ,
(eqn .2 . 1 2)
13
F.SR studies on the cyc lopropyl rad ica l show the coupling
he did not g ive  the temperature at which th is  was measured.
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(e q n .2 .13)
The a c t iv a t io n  b a r r ie r  that prevents the cyclopropyl rad ica l 
from ring-opening is  not present in the cyc lopropy lcarb iny l  ra d ica l ,  
because the l a t t e r  rearranges to the a l l y l c a r b in y l  rad ica l  (o f .  eqn.
2 . 1 A) with a ra te  constant o f  1.3 x 10®s 1 at 25°C1^ . [H]
(1)TBP ■ d i- t -b u ty lp e ro x id e )
(eqn. 2 .IA )
CH^CH-CK
17 18
ESR studies o f  the cyc lopropy lcarb iny l rad ica l ’ show
that i t  i s  s tab le  below -I50°C , but above - I00 °C  only the ring-opened
a l ly l c a r b in y l  rad ica l is  present.  At intermediate  temperatures, a
mixture o f  the two rad ica ls  is  seen. Production o f  the a l ly lc a rb in y l
rad ica l  from an a l l y l c a rb in y l  precursor shows no contamination from
cyc lopropy lcarb iny l  rad ica l  and at temperatures below 0°C there is  no
detectab le  interconvers ion with the cyc lopropy lcarb iny l  rad ica l .
ESR spectroscopy shows that the C-l methylene group in the
cyc lopropy lcarb iny l  rad ica l does not e q u i l ib r a t e  with the C-3/C-A
methylene groups*^, and that any exchange process s im ila r  to that
found in the cation is slow on an ESR sca le .  This is  supported by
13 19
Renk's work, which shows no scrambling of the C label (of. eqn. 2.15)
-  0 % !  * 13ch- chch2ch2ci
(eon. 2.15)
The lack o f  any cyc lobu ty l  products from reactions invo lving  
cyc lopropy lcarb iny l  rad ica ls  argues against a b icyc lobuty l rad ica l  
in term ed iate.  Kochi17 be l ie v es  that the low H-2 to C-l coupling constant 
is  evidence fo r  a b isected  s tructure  fo r  the cyc lopropy lcarb inyl rad ica l
(o f . the c a t io n ic  case ) .
Another poss ib le  s tructure  fo r  the cyc lopropy lcarb inyl 
rad ica l  is  shown in F ig .  2.11, and is  s im ila r  to the 'unsymmctrical
c a t io n '  structure proposed for  the cyc lopropy lcarb inyl cation (of.
. . . . . . 2 0
F ig .  2 .2 ) .  This could explain the f ind ing  o f  Hart and C ipr ian i
that the production o f  the cyc lopropy lcarb iny l  rad ica l  from the
corresponding d ia cy l  peroxide i s  fa s te r  than fo r  other c y c lo a lk y l -
carb inyl r a d ica ls .  However, t h i s  may be due to the s ta b i l i s a t io n
gained from p a r t ia l  opening o f  the strained 3-membered r ing .
2 .4 (c )  ANIONIC SPEC IKS
In comparison with the ca t ion ic  and rad ica l  intermediates 
discussed above, there is  very l i t t l e  published work on the unsubstituted 
cyc lopropy l anion. An anionic centre  is  s ta b i l i s ed  on a cyclopropane 
r ing  . Like the cyc lopropyl r a d ic a l  the cyclopropane anion is  not 
p lanar. I t  has been found that the presence o f  unsaturated substituents 
adjacent to the an ion ic  centre can, by d e lo ca l is a t io n ,  lower the energy 
b a r r ie r  to p lan a r i ty .  This energy barr ie r  has been demonstrated by the
. . 22
f a s t e r  than racémisation . Using o p t i c a l l y  ac t iv e  l-bromo-l-methyl-
• 232,2-diphenylcyclopropane, Walborsky et al. showed that con figu ra t iona l
s t a b i l i t y  and o p t ic a l  a c t i v i t y  were completely reta ined in a react ion
. . . . 24
proceeding Via the anion. This has a lso  been supported by other work .
2.5 ENZYMIC OXIDATIONS OF CYCLOPROPANES
• • 2 3
finding that H exchange of 2,2-diphenylcyclopropyl anion is 8 x 10
Cyclopropane and certa in  o f  i t s  d e r iv a t iv e s  may be
in s t ru c t iv e  substrates in enzymic ox ida t ions ,  because o f  the p o s s ib i l i t y
that cyc lopropy l  intermediates w i l l  undergo molecular rearrangements.
As is  mentioned in Chapters 1 and 3 there is  some support f o r  the
b e l i e f  that the enzymic ox id is in g  agent is  an e le c t ro p h i le .  I f  th is
species produced, e .g .  a cyclopropyl ca t ion ,  th is  could ring-open to an
a l l y l  ca t ion .  There is  some support f o r  the intermediacy o f  organic
rad ica ls  in P-4 50-dependent enzymic processes and th is led us to
consider the consequences o f  such intermediates in ox idations o f
cyclopropanes e f f e c t e d  by the M.C. enzyme.
Ring-opening o f  cyclopropane by an enzymic o x id is in g  agent
25
has been supposedly demonstrated by Ooyama and Foster , working with
Microbaat^rium Vaccac (JOB 5 ) .  Their report that the product o f  th is
react ion  was propionaldéhyde is  in some doubt, because the work-up
procedure invo lved  an atmospheric d i s t i l l a t i o n  fo l lowed by add it ion
o f  a c id ic  2,4-d in itrophenylhydraz ine. This procedure would most
26
l i k e l y  convert any cyclopropanol formed into propionaldéhyde
roeudomonao aeruginooa has been shown to have a p a r a f f in -  
o x id is in g  system that can be induced by cyclopropane, but not by
methylcyclopropane. These compounds are not, however, ox id ised by
, . 27
th is  system
With the M.C. enzyme we found that the product of
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cyclopropane ox idation is  cyclopropanol . This was id e n t i f i e d  by 
i t s  co-chromatography on GLC with authentic cyclopropanol. No 
propionaldéhyde or a l l y l  alcohol peak could be seen. There was 
in s u f f i c i e n t  product ava i lab le  to character ise  i t  sp ec troscop ica l ly ,  
so further charac ter isa t ion  was carried  out by treatment with 
aqueous acid to g ive  propionaldéhyde which was is o la ted  as i t s
2 .4 -  dinitrophenylhydrazone. TLC analysis o f  the crude DNP showed 
two spots, one that co-chromatographed with authentic propionaldéhyde
2 .4 -  dinitrophenylhydrazone and another that co-chromatographed with 
acetone 2,4-dinitrophenylhydrazone (from trace acetone contamination 
o f  the water used). The d c r iva t isa t ion  step required heating to 
60°C fo r  45 mins to convert the cyclopropanol to the propionaldéhyde 
d e r iv a t i v e .  From an unheated contro l experiment only one spot was 
observed corresponding to acetone DNP.
The product peak seen on GLC and ascribed to cyclopropanol 
was absent when the ox idation was carried  out in the presence of 
acety lene (a known in h ib i to r  o f  the M.C. enzyme), but was observed 
when cyanide was present in the react ion mixture. (N.B. Cyanide does 
not in h ib i t  the M.C. enzyme.)
The fa c t  that no ring-opened product ( i . e .  a l l y l  
a lcoh o l )  was observed ind icates that a cyc lopropyl cation is  not an 
intermediate in the ox idation pathway from cyclopropane to cyclopropanol.
Analysis o f  tlie product o f  ox idation o f  methylcyclopropanc by 
the M.C. enzyme system using two d i f f e r e n t  GLC columns showed only 
a s ing le  product peak. This peak co-chromatographed on both columns 
with authentic cyc lopropylcarb inol and no peak corresponding to 
bu t-3 -en - l- o l  could be seen. This product peak was not seen in oxidations 
carr ied  out in the presence o f  acety lene, but i t  was present when cyanide
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was included in the ox idation medium. D e r iva t isa t ion  o f  the product 
of  enzymic ox idation o f methylcyclopropane with a-naphthylisocyanate 
gave a compound that co-chromatographed on t . l . c .  w ith an authentic 
sample o f  the a-naphthylurothane o f  cyc lopropy lcarb in o l .  The 400 MHz 
' H NMR spectrum o f  th is  d e r iv a t iv e  a lso  supported the conclusion that 
i t  was the a-naphthylurethane o f  cyc lopropy lcarb in o l .  Although im purit ies  
in the compound masked the methine resonance at 1.23 p.p.m., the peaks 
at 0.36 and 0.63 p.p.m. c l e a r l y  show that the three membered r in g  is  
s t i l l  in tac t .  These resonances appear in the spectrum o f  the authentic 
a-naphthylurethane o f  cyc lopropy lcarb ino l and are assigned to the pairs 
of  equ iva lent protons at C-3 and 0 4 .  The protons from the Cl^O group 
show as a doublet at 4.07 p.p.m. with a coupling constant to the methine 
hydrogen o f  ca. 9 llz. Except fo r  the p rev iou s ly  mentioned im purit ies  
the spectrum is  otherwise the same as that taken o f  an authentic sample 
of the a-naphthylurethane o f  cyc lopropy lcarb ino l .
E lectron impact mass spectra l analys is  o f  the a-naphthyl­
urethane d e r iv a t iv e  o f  the product o f  M.C. ox ida t ion  o f  methylcyclopropane 
showed an ion at 241 due to the molecular ion (of. F ig .  2 .12 ).
Although the m ajor ity  o f  the spectrum i s  dominated by the uniformative 
ions produced from the d e r iv a t iv e  port ion  o f  the molecule, there are 
also peaks at m/z o f  115 and 55 from both the authentic compound and 
enzymic product. These peaks could be due to the fragments shown 
in F ig .  2.12.
The evidence presented in the above d iscussion shows that 
the only de tectab le  products from the ox idation  o f  cyclopropane and 
methylcyclopropane, by the M.C. enzyme system, are cyclopropanol and 
cyc lopropy lcarb ino l,  r e s p e c t iv e ly .  In ne ith er  case could any r in g -  
opened products be seen, arguing against a pathway that invo lves c i th e r  
a ca t ion ic  or a radica l intermediate in M.C. mediated ox idations .
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M+ -  241 [ > ch2
m/z -  55
F ig .  2.12
Atten t ion  was now focussed on the P-450 dependent mono­
oxygenase systems fo r  which there was some evidence o f  an organic 
rad ica l  being an intermediate in the ox ida t ion  pathway. I f  these 
systems were to e f f e c t  the conversion o f  methylcyclopropane to 
bu t-3 -en - l- o l , not only would i t  support the presence o f  a rad ica l  
pathway in P-450 dependent enzymes, but i t  would a lso  re in fo rce  the 
b e l i e f  that a s im ila r  pathway was not used by the M.C. system. A 
number of ox idations  were attempted with aroclor-induced ra t  l i v e r  
microsomes, but in no case was a d e f in i t e  product seen on GLC even 
though the microsomal system ox id ised cyclohexane ve ry  e f f i c i e n t l y .  
This could mean e i th e r  that these cyclopropanes are not substrates 
fo r  the pa r t icu la r  P-450 isozymes present in these pa r t icu la r  
microsomes, or that the products are fu r ther  metabolised and 
consequently not detected .
A number o f  attempts were made to ox id ise  methylene-
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cyclopropane with the M.C. enzyme system and on one occasion th is
appeared to be successful, g iv in g  a product that had a GLC reten t ion
time s im ilar to that o f  bu tan - l -o l .  Authentic 2-methylenecyclopropan-
l - o l ,  a poss ib le  product from the ox idation o f  methylenecyclopropane, was not
ava i lab le  and so bu tan - l-o l  was used as a pseudostandard. Unfortunate ly ,
th is  resu lt  could not be con s is ten t ly  reproduced. In the m ajor ity  o f
the cases no detectab le  product was seen.
l-Methyl-l-phenylcyclopropane was not ox id ised  by the M.C. 
system, whereas a mixture o f  oio and tran3 I -methyl-2-phenylcyclopropane 
was found to be ox id ised .  Although lack o f  time precluded the r igo rous  
determination o f  the id e n t i t y  o f  the products o f  ox idation of 
l-methyl-2-phenylcyclopropane, the t . l . c .  ch a ra c te r is t ic s  o f  the product 
suggest that i t  ar ises  via benzene r ing  hydroxylation, probably at the 
para pos it ion .
The conclusions that can be drawn about the topography 
o f  the enzyme's ac t iv e  s i t e  from the resu lts  of  ox idation  of these 
substituted cyclopropanes w i l l  be dea lt  with in a la te r  Chapter.
2.6 SYNTHESES OF SUBSTRATES AND POTENTIAL
PRODUCTS OF ENZYMIC OXIDATION
Cyclopropanol was synthesised by the method o f  Depuy 
that is outlined in Scheme2.I . This involved opening o f the epoxide 
r ing  of I , 2-epoxy-3-chloropropane with magnesium bromide to g ive  an 
intermediate magnesium alkox ide. Ring closure to a cyclopropane 
was then achieved by I ,3-dehalogenation induced by f i n e l y  d iv ided 
iron (from trea t ing  f e r r i c  ch lo r ide  with ethyl magnesium bromide).
The method used fo r  the synthesis o f  methylcyclopropane, 
shown in Scheme 2.2*°, involved add it ion  o f  9-BBN across the double bond 
o f  2-methyl-3-chloroprop-l-ene fo llowed by basic hydro lys is .
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cyclopropane with the M.C, enzyme system and on one occasion this 
appeared to be success fu l,  g iv in g  a product that had a CLC retention 
time s im ila r  to that o f  b u ta n - l -o l .  Authentic 2-methylenecyclopropan- 
l - o l ,  a poss ib le  product from the ox idation  o f  methylenecyclopropane, was 
a va i la b le  and so bu tan - l-o l  was used as a pseudostandard. Unfortunately, 
th is  resu lt  could not be con s is ten t ly  reproduced. In  the m ajor ity  o f  
the cases no d e tectab le  product was seen.
I-Methyl- l-phenylcyc lopropane was not ox id ised  by the M.C. 
system, whereas a mixture o f  aid and trans I -methyl-2-phenylcyclopropane 
was found to be ox id ised .  Although lack o f  time precluded the rigorous 
determination o f  the id e n t i t y  o f  the products o f  o x id a t ion  of 
l-methyl-2-phenylcyclopropane, the t . l . c .  c h a ra c te r is t ic s  o f  the product 
suggest that i t  a r ises  via benzene r ing  hydroxy la t ion ,  probably at the 
para p os i t io n .
The conclusions that can be drawn about the topography 
o f  the enzyme's a c t iv e  s i t e  from the r esu lts  o f  o x id a t ion  o f  these 
substituted cyclopropanes w i l l  be dea lt  with in a l a t e r  Chapter.
2.6 SYNTHESES OF SUBSTRATES AND POTENTIAL
PRODUCTS OF ENZYMIC OXIDATION
Cyclopropanol was synthesised by the method o f  Depuy 
that is  ou tl ined  in Scheme2.i^. This involved opening of the epoxide 
r ing  o f  I , 2-opoxy-3-chloropropane with magnesium bromide to g ive  an 
intermediate magnesium alkox ide. Ring closure to a cyclopropane 
was then achieved by I,3-dchalogenation induced by f i n e l y  divided 
iron (from t r ea t in g  f e r r i c  ch lo r ide  with e thyl magnesium bromide).
The method used fo r  the synthesis of  methylcyclopropane, 
shown in Scheme 2 .^°, involved add it ion  o f  9-BBN across the double bond 
o f 2 -metliy l-3-ch loroprop-l-cne fo l lowed  by basic hyd ro lys is .
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B ut-3-en-l- o l  was prepared by heating 3-cyanoprop-l-ene 
in ac id ic  medium to g ive  the but-3-eno ic  acid, which was reduced 
with L iA lH . .
The preparation o f  methylenecyclopropane fo l lowed the
31
method o f Roster et al. and is  ou t l in ed  in Scheme2.3. This involved 
the treatment o f  2 -m ethyl-3-chloroprop-l-ene with sodamide to g ive  a 
mixture o f  methylenecyclopropanes and l-methylcyclopropene.
Isomerisation o f  the I-methylcyclopropene to methylenecyclopropane was 
achieved using potassium ter t-bu tox id e  in te r t -bu tan o l . The resu lt in g
methylenecyclopropane contained on ly a trace o f  methylcyclopropene.
• 32The synthesis of  I-methyl-I-phenylcyclopropane (shown
in Scheme 2.4) used the phase trans fer  ca ta lys t  benzyltri-N-butylammonium
bromide to produce from chloroform d ich lorocarbene, which is  added to the
double bond o f  u-methyl styrene to g i v e  l-m ethy l- l-pheny l-2 ,2 -d ich loro -
cyclopropane. This d ich lo ro  intermediate  was reduced by sodium in
l iq u id  ammonia to a mixture o f  compounds. Along with the desired  product
there was a lso  2-phenylbutane p resen t,  a r is ing  from reductive  opening
o f  the cyc lopropyl r in g .  This r ing-opened product was seen even when
the amount o f  sodium was reduced from four to three mol equ iva lents .
A poss ib le  mechanism, based on the B irch reduction, that could g iv e  r ise
to th is  product is  shown in Scheme 2 .5 .
The synthesis o f  I-methy1-2-phenylcyclopropane i n i t i a l l y
used the W i t t i g  react ion  o f  the y l i d  from triphenylethylphosphonium
iodide with benzaldchydo to g ive  (1-methyl styrene (outlined in Scheme 2 .6 ) .
The conversion of B-methylstyrene in t o  the desired cyclopropane then
fo l lowed  a s im i la r  course as fo r  l-methyl- l-phenylcyclopropane.
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2.7 EXPERIMENTAL
Cyclopropanol
To a mixture o f  magnesium (3.6 g ,  0.15 mol) and bromine
3
(24 g, 0.15 mol) s t i r r ed  in  anhydrous d ie th y l  e ther (100 cm ) was 
added f e r r i c  ch loride hexahydrate (0.15 g, 0.56 m o l) .  l,2-Epoxy-3- 
chloropropane (14 g, 0.15 mol) was then added dropwise over a period 
o f  30 min with continual s t i r r in g .  S t i r r in g  was continued fo r  one 
hour and then e thy l magnesium bromide (from ethy l bromide [49 g ]  and
3
magnesium [10.8  g l  in anhydrous d ie thy l  ether r 400 cm ] )  was added 
dropwise over a period o f  2 h. The mixture was s t i r r e d  fo r  
approximately 16 h, and then poured onto iced ammonium chloride 
so lu t ion  (50 cm , 16% w / v ) . The whole was f i l t e r e d  and the ether
3
layer  was extracted with water (8 x 50 cm ) .  The combined aqueous 
ex trac ts  were con t inua lly  extracted with d ie thy l  e ther fo r  oa. 96 h. 
The ether layer  was separated, dried (MgSO^), and f i l t e r e d .  The 
m a jor ity  of  the ether was removed by d i s t i l l a t i o n  through a 42 x 2 cm 
Dufton column. The res idue was then p u r i f ied  by preparative  GLC 
(20% 20 M Carbowax on Chromosorb A, I30°C) which gave cyclopropanol as 
a co lourless  l iqu id .  This m ateria l was homogenous by GLC.
*11 NMR (CDClj p .p.m.) 0.41 (m, 4 H ) , 3.35 (m, 1 H ) , 3.45 (broad s, 1 H ).
The peak at 3.45 was removed by a D2 O shake.
Major I .R .  peaks (cm ' ) :  3610, 3300, 3090, 3010, 1030.
Methylcyclopropanc
- 3
To a s t i r r ed  so lu t ion  o f  9-BBN (6.9 g ,  56.5 x 10 mol)
3
in dry tetrahydrofuran (100 cm ) under a n itrogen atmosphere,
over a p e r iod  o f  15 min. S t ir r in g  was continued fo r  5 h a f t e r  which
the interm ediate  organoborane was hydrolysed by addition of 3 M NaOH 
, 3
solu t ion  (20 cm ) over a 15 min period. The product was co l le c ted  
overn igh t ,  a f t e r  passing through a water trap, in an acetone/dry ice  
trap. F in a l  p u r i f i c a t io n  was carr ied  out by preparative  GLC (20% 
DECS on Chromosorb 80/100, 60°C), which gave methylcyclopropane as a 
co lou r less  l iqu id  (stored at -80 °C ).
' h NMR (CDC13 p.p.m.) 0.05 (d, 2 H ) , 0.50 (d , 2 H ) , 0.77 (m, I H ) , 
1.50 (d, 3 H).
3 -3
2-methyl-3-chloropropene (5 cm , 51.3 x 10 mol) was added dropwise
But-3-cn-I - o l
_3
l-Cyanobut-3-ene (3.1 g ,  A6.3 x 10 mol) was added to
cone. HC1 (9 .3  cm*) and s t i r red  at 60°C fo r  2 h, g iv in g  a white
3coloured p r e c ip i t a t e .  Water (10 cm ) was added, which d isso lved  the 
p r e c ip i t a t e ,  and the mixture was heated at re f lu x  temperature fo r
90 min. The mixture was cooled and extracted with dichloromethane 
3
(3 x 10 cm ) which was dried  (MgSO^), f i l t e r e d  and the solvent 
removed by ro tary  evaporator. D i s t i l l a t i o n  (20 mmHg, 77-8A C) 
gave 2.7 g o f  bu t-3 -en - l- o ic  acid.
-3
A so lut ion o f  bu t-3 -en - l- o ic  acid (1.97 g, 22.9 x 10 mol)
3 . . . .
in d ie th y l  ether (20 cm ) was added to a s t i r red  so lut ion of lith ium
-3 . . 3
aluminium hydride (2.32 g, 61 x 10 mol) in d ie thy l  ether (20 cm )
at such a ra te  that the so lu t ion  gen t ly  re f luxed .  The mixture was
3
s t i r r ed  overn igh t  at room temperature. Water (10 cm ) was added 
slowly to decompose res idual reductant,fo l lowed  by ice -co ld  l^SO^ u n t i l  
the p r e c ip i t a t e  d isso lved .  The mixture was extracted with d ie th y l  
ether (3 x 10 cm'*), dried (MgSO^), f i l t e r e d  and d i s t i l l e d  (110 C)
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I
g iv ing  a co lourless  so lu t ion  whose in fra -red  spectrum showed amine 
and n i t r i l e  im purit ies .  F inal p u r i f i c a t io n  was achieved by 
preparative CLC (20% DECS, 150°C).
' h NMR (CC1a p .p.m .) 2.23 (q ,  2 H), 3.55 ( t ,  2 H ) , A .02 (broad s,
I H), 5.00 (m, 2 H), 5.7 (m, 1 H ) .
Main I .R .  peaks ( c m " ' ) :  3340, 3090, 2920, 1830, 1636.
Methylenecyclopropane
Sodnmidc was prepared by adding sodium (6.9 g ,  0.3 mol)
3over a 30 min period to sod ium -d ist i l led  ammonia (c?a. 400 cm ) followed 
by a few c rys ta ls  o f  f e r r i c  n i t r a t e .  The excess of ammonia was allowed to 
evaporate overnight and the res idual sodamide was taken up in dioxan
3
(30 cm ) .  The so lu t ion  was heated to r e f lu x  temperature and water
3 3
(0.1 cm ) was added, fo l lowed  by 2-methyl-3-chloropropene (17.5 cm ,
0.18 mol) added dropwise over a period o f  3 h. Heating and s t i r ­
ring was continued fo r  a further hour. The product was carried  by a slow 
argon stream through a s c r ie s  o f  traps containing f i r s t  concentrated 
H2 S0 ^, then NaOH p e l l e t s ,  followed by a solution o f  t-BuOK (2.9 g,
25.9 x lo " 3  mol) and t-lluOH (2.4 cm3) in DMSO (10 cm3) .  The co lourless 
l iqu id  was f i n a l l y  c o l le c ted  in an acetone/dry ice  trap and stored 
at -80°C.
'll NMR (CC14 , p .p.m .) 1.02 (s ,  4 H ) , 5.30 (s ,  2 H ) .
I -Me thy 1 -1 -phony lcyc 1 oprop.ine
A mixture o f  1-methylstyrene (45.5 g ,  0.38 m o l) ,  cthanol-
3
free  chloroform (47.4 g, 0.4 mol),  sodium hydroxide so lu t ion  (78 cm ,
-3
50% w/v) and benzyl-tri-N-butylammoniumbromide (3.07 g, 8.98 x 10 mol)
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was s t i r red  v igorous ly  under a n itrogen atmosphere, at r e f lu x  temperature, 
f o r  48 h. The aqueous phase was removed and extracted  with d ich lo ro -  
methane (4 x 50 cm ) and the combined organic phases were washed with
3
water (50 cm ) ,  d r ied  (MgSO^), f i l t e r e d  and the solvent removed by 
ro tary  evaporator. Reduced pressure d i s t i l l a t i o n  (1 .5 mmllg, 84-85°C) 
y ie lded  20.03 g (25.9%) o f  l -m ethy l- l-phcny l-2 ,2 -d ich lorocyc lopropane.
'll NMR (CCl^ p.p.m.) 1.6 (s ,  3 H ) , 1.7 (m, 2 H ) , 7.2 (s ,  5 H ) .
1-M ethy l-1-phenyl-2 ,2-d ich lorocyclopropane (20 g ,  99.5 x
-3 . 3
1 0  mol) was taken up in dry tetrahydrofuran ( 2 0 0  cm ) to which was
3 . .
added sod ium -d ist i l led  ammonia (oa. 500 cm ) .  To th is  s t i r r e d  so lu t ion  
sodium (9.71 g, 0.42 mol) was added over a period  of 30 min. The 
ammonia was allowed to evaporate overnight through an iced
dichloromethane trap. Residual sodium was destroyed by ca re fu l  
3
addition  of water ( 2 0  cm ) and the contents o f  both f lasks  were
combined. The aqueous phase was removed and ex tracted  with
3dichloromethane (4 x 50 cm ) and the combined dichloromethane 
phases were dried (MgSO^), f i l t e r e d  and the so lvent removed by 
ro tary  evaporator. Reduced pressure d i s t i l l a t i o n  (15 mmllg, 60-62°C) 
gave a mixture of I-methyl- l-phenylcyclopropane and 2 -phenylbutano.
The mixture was p u r i f ie d  by p reparative  GLC (20% DKGS, 140°C) g iv in g  
I -m ethy l- 1 -phenylcyclopropane as a co lou r less  l iq u id .
1H NMR ( CCl^, p.p.m.) 0.78 (m, 4 H ) , 1.39 ( s ,  3 11), 7.2 (m, 5 H ).
Main I .R .  peaks (cm '1) 3080, 3000, 2950, 1605, 1500, 1450, 1010, 690.
I-Met hy1-2-pheny1 eye 1oprop.mc
A mixture of triphcnylethylphosphoniumiodidc (166 g, 0.39 m o l) ,
3 > 3
dichloiomothane (200 cm ) ,  sodium hydroxide so lu t ion  (200 cm , 50%
w/v) and benzaldehyde (41.39 g, 0.39 mol) was s t i r r e d  at room
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tcmperaLurc fo r  42 h. The resu ltan t  suspension was broken down by
steam d i s t i l l a t i o n  and the aqueous layer extracted  with dichloromethane
3
(4 x 50 cm ) .  The combined organic layers were dried  (MgSO^), f i l t e r e d
and the solvent removed by ro ta ry  evaporator. Unreacted benzaldehyde
3
was removed by shaking w ith sodium metabisulphite so lu t ion  (50 cm ,
30% w/v). Reduced pressure d i s t i l l a t i o n  (14 mmHg, 63-65°C) gave 15.8 g 
(0. l3mol,34Z) o f  a mixture o f  c io -  and trano-p-methylstyrene.
' h NMR (CCl^ p.p.m.) 1.75 (s ,  3 H ) , 1.85 ( s ,  3 H ) , complex m u lt ip le t  
centred at 6.00 (4 H ) , 7.2 (s ,  10 H ).
1 -Methylstyrene (15.3 g ,  0.13 m ol) ,  e thano l- free  chloroform
3 ” 3(54 cm ) ,  benzyl-tri-N-butylammoniumbromide (0.97 g, 2.7 x 10 mol)
and sodium hydroxide so lu t ion  (53.5 g ,  50% w/v) were s t i r r ed  at 52 C
fo r  24 h. C en tr i fugat ion  was used to break down the suspension
and the aqueous layer was removed and extracted  with dichloromethane
(4 x 25 cm ) .  The combined organic  layers were dried  (MgSO^), f i l t e r e d
and the solvent removed by ro ta ry  evaporator. Reduced pressure
d i s t i l l a t i o n  (13 mmllg, 116— 118°C) gave 25.3 g (0.13 mol, 96.8% y i e ld )
o f  l-m cthyl-2-phenyl-3 ,3-d ich lorocyclopropane.
'h NMR (CC1A p .p.m .) 1.15 (d , 3 H ) , 1.4 (d , 3 H ) , 1.9 (m, 2 H ) ,
2.35 (d , I H), 2.8 (d , I H), 7.2 (s ,  10 H ).
Ratio o f  tmnmcia (from NMR in t e g r a l )  1.75:1 ca. 12 Hz,
J . = ca. 8 .7 Hz.
C I O
To l-m ethyl-2-phenyl-3 ,3-d ich lorocyclopropane (23.9 g, 0.12 mol) 
in dry tetrahydrofuran (250 cm ) was added sod ium -d is t i l led  ammonia 
(ca. 600 cm*). The mixture was s t i r r ed  and sodium (8.99 g, 0.39 mol) 
was added over a period o f  30 minutes. The ammonia was allowed to 
evaporate overnight through an iced dichloromethane trap. The
3
combined aqueous phases were extrac ted  with dichloromethane (4 x 30 cm ) 
and the combined dichloromethane f ra c t ion s  were dried  (MgSO^),
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f i l t e r e d  and the solvent removed by ro tary  evaporator. Reduced pressure 
d i s t i l l a t i o n  (14 mmHg, 68-71°C)gave 3.55 g o f  a mixture o f  oia  and trana 
I-m ethy l- 1 -phenylcyclopropane along with I -m cthyl- 2 -phenylpropane and 
1-phenylbutane. The sample was p u r i f ied  by preparative  GLC (Carbowax, 
I80°C) to g ive  a co lour less  mixture o f  oio and trana l -m ethy l-2 -  
phenylcyclopropane ( r e l a t i v e  quant it ies  o f  1 :3 ).
'h NMR (CDCl^ p .p.m .) 0.85 (m, 6  H ) , 0.8 (d , 3 H ) , 1.15 (d, 3 H ) ,
1.55 (m, 1 H), 2.1 (m, 1 H ) , 7.15 (m, 10 H ) .
Main l .R .  peaks (cm ' ) :  2920, 1600, 1450, 680.
2 .4- Dinitrophenylhydrazone o f  propionaldéhyde
To a so lu t ion  o f  2,4-din itrophenylhydrazine in HCl (0.4E,
3 3
25 cm ) was added propionaldéhyde (0 .5 cm ) .  The mixture was s t ir red
at room temperature fo r  30 minutes, f i l t e r e d  and the crude product
was r e c r y s ta l l i s e d  from methanol to g ive  ye l low  c ry s ta ls ,  m.p. I55°C
( l i t .  m.p. I55°C). T . l . c .  analysis (to luene/pet.  ether [40-60 f r a c t io n ] ,
s i l i c a  g e l ,  u . v . )  showed a s ing le  spot o f  Rj- 0.13.
2 .4- l)initrophonylhydrazonc of acetone
This was prepared in the manner described f o r  propionaldéhyde.
33
to g ive  ye l low  c ry s ta ls  m.p. 128°C ( l i t .  m.p. I28°C). T . l . c .  analysis 
(to luenc/pet. ether [40-60 f r a c t i o n ] ,  s i l i c a  g e l ,  u . v . )  showed a 
s ing le  spot o f  Rj. 0.09.
q-NaphtliyUirelliane o f  cyclopropylcarb inol
-3«-Naphthylisocyanate (1.69 g, 10 x 10 mol) and c y c lo -
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-3 -3
propy lcarb ino l (72 x 10 g, I x 10 mol) wore mixed and heated 
on a water bath fo r  1 0  min, coo led , and the resu ltan t  so l id  broken 
up with a g lass  rod. R e c r y s ta l l i s a t io n  from p e t ro l - e th e r  (100-120 fra c t io n )  
gave white coloured c ry s ta ls  with a melt ing poin t o f  1I6°C ( l i t .  M.P. 119.5) .
T . l . c .  ana lys is  (011,01^, s i l i c a  g e l ,  u . v . )  showed a s ing le  spot o f  R^
0.28.
' h NMR (CCl^ p .p.m .) 0.35 (m, 2 H ) , 0.6 (m, 2 H ) , 1.2 (m, 1 H ),
6.05 (d , 2 11), 7.0 (broad s, 1 I I ) ,  7.7 (m, 7 H).
benzyltri-N-butylammonium bromide
- 3
Tri-N-butylamine (12.9 g ,  69.6 x 10 mol) and benzyl-
_3 t 3
bromide (11.8 g ,  69.6 x 10 mol) were mixed in d ie th y l  ether (10 cm ) 
and s t i r r e d  at room temperature overn ight.  The product p rec ip ita ted  
as a white powder that was c o l le c ted  by f i l t r a t i o n ,  washed with d ie thy l
-3
ether and a i r -d r ie d  g iv in g  21.9 g (61.5 x 10 mol, 8 8 % y i e l d ) .
Triphenylethylphosphonium iodide
Triphenyl phosphine (154.7 g ,  0.59 mol) was d isso lved
3
in benzene (400 cm ) and e thy l  iod ide  (91.5 g ,  0.59 mol) was added, 
the mixture was s t i r r e d  at 45°C fo r  48 h. The white p re c ip i ta te  was 
c o l l e c te d  by f i l t r a t i o n  and a i r -d r ie d  g iv in g  157.6 g (0.38 mol,
63.9% y i e l d ) .
D e r iva t isa t ion  o f  the Enzymic Oxidation Product o f  Cyclopropane
A f te r  the ox ida t ion  o f  cyclopropane (descr ibed  in Materials 
and Methods) the resu ltant mixture was d iv ided  in to  two equal portions and
Vf
to both was added an ac id ic  DNP so lut ion ( 0 .1*7., 25 cm ) .  While one 
sample was s t i r r e d  at room temperature fo r  45 min, the second one
was s t i r r e d  at 70°C fo r  45 min. They were then worked up in d iv id u a l ly
. . . 3by ex trac t ion  with dichloromethane (3 x 25 cm ) which was dried
(MgSO^), f i l t e r e d  and the so lven t  removed by rotary  evaporator. The
. . . 3red coloured residue was t r i tu ra ted  in d ie thy le ther  ( 2  cm ) and
. 3vthen pet.  ether  (40-60 f r a c t io n ,  2 cm ) was added. The mixture was 
f i l t e r e d  through a short s i l i c a  g e l  column using d ie thy l e ther :  
pet.  ether (40-60 f ra c t io n )  1:1 as eluant. The solvent was removed 
from the e luate  by ro tary  evaporator.
D cr iva t isa t ion  of the Enzymic Oxidation Product o f  Methylcyclopropane
The product was is o la t ed  by continuous ex trac t ion  using 
3 .d ie th y l  ether (ca. 100 cm ) f o r  a period o f  48 h. The ether  was then
3
removed, d r ied  (MgSO^), f i l t e r e d  and the volume reduced to ca. 2 cm
by d i s t i l l a t i o n .  This volume was further reduced to ca. 200 p i by
c a r e fu l l y  blowing o f f  the ether w ith nitrogen. The product was then
. 3
taken up in p e t .  ether (50-60 f r a c t io n ,  3 cm ) and a-naphthylisocyanate 
(20 p i )  was added. The mixture was then heated at re f lu x  temperature 
overn ight.  The unreacted a-naphthylisocyanate was decomposed by the
3
add it ion  o f  water (10 cm ) and s t i r r in g  fo r  4 h. The mixture was 
then heated to i t s  b o i l in g  po in t and the pet. ether f ra c t io n  was
removed, the aqueous phase was then extracted twice more with hot 
3
pet.  ether (5 cm ) .  The combined pet. ether fra c t ions  were dried 
(MgSO^), f i l t e r e d  and the so lven t  removed by rotary  evaporator. The 
product was d isso lved  in dichloromethane and pu r i f ied  by preparative  
t . l . c .  ( CIl^C1 2, s i l i c a  g e l ,  u . v . ) .
'll NMR discussed in Section 4.
3
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SCHEME 2.1
0 . OMgBr/\ MgBr
CH2 -CH-CH7 C1 --------=-* CH,-CH-CH
1 2
1 1 
Br Cl
+ Fe (from a below)
OH 0 MgBr
| NH.C1
CH < 1 —- - CH +
l\ l \
'c - c h 2
H2 C-CH2
(a )  3C II MgBr + FeCl3  -*■ Fe + 3C2Hj + 3MgBrCl
CH-
SCHEME 2.2
CH.
CH2 -C-CH2 C1 + 9BBN -*• £ b-CH2 -C-CH2 C1
9BBN = 9 -Bora -b icyc lo f3 .3 .1 ]nonane
X/
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SCHEME 2.3
h3c
c i h 2c
\/C— CH„ NaNH2-1 ■ -»»dioxan 0 * 0 * > ■
t-BuOK 
t-BuOH
SCHEME 2.4
II _C H3C
C - « H 2  + CHC13 + Na0H bbu?yiyla lo n 'S  / C ? «
bromide q
Cl Cl
2
Na/NH.
h3c
.c— CH.
Ph
\  . A  /
CH,
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SCHEMF. 2.5
Poss ib le  mechanism fo r  the r ing opening react ion  
found in the synthesis o f  the methyl, phenyl 
substituted cyclopropanes.
Q m£H3 ^  <0^*3
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SCHEME 2.6
Ph Ph
1
U
Ph— P — Et 
I
I~ + NaOH
• + -
-»• Ph— P — CHCH, t  
I J
1
Ph Ph
( C6 H, ) 3 — P— CH-CH 3 <V 5 ) 3 - |V ? HCH3
v l
£ CH- C6H5
0-CII-C6 H5
Ph
Ph
c6 h5 - ch» chch3
<C6H5) 3 - P“ °
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CHAPTER 3
ARENES
3.1 OBJECTIVES
The major o b je c t iv e  o f  the work descr ibed in th is  Chapter 
was to determine i f  an 'NIH s h i f t '  accompanied the hydroxylation o f  
aromatic compounds by the M.C. monooxygcnasc.
A secondary o b je c t iv e  was to determine how a change in the 
substituent group on the arene a f fe c ted  both  the r e g io s p e c i f i c i t y  
and e f f i c i e n c y  o f  th is  ox ida t ion .
3.2 NON-F.NZYMIC AROMATIC AND ALIPHATIC SUBSTITUTION
Aromatic su bs t itu t ion ,  whether e l e c t r o p h i l i c  or n u c leo ph i l ic ,
normally invo lves  a stepwise react ion  mechanism o f  addition to g ive  an
intermediate o-complex fo l lowed  by e l im in a t io n ' .  Other ra rer  mechanisms
are a lso  known such as that in vo lv in g  a benzyne intermediate. Free
rad ica l substitu tions  o f  a lk y l-su bs t i tu ted  aromatic compounds normally
take place on the carbon «  to  the aromatic r ing  (of. photochemical
ha logénation ),  because in th is  pos it ion  maximum s ta b i l i s a t io n  of the
tran s i t io n  state  can be achieved. Many f r e e  rad ica l substitutions o f
aromatic r ings are known. Examples o f  these processes are the 
2aminations by R^NCl , which can be e f f e c t e d  thermally or photochemically, 
or by c a ta ly s is  w ith  AlCl.^ or a redox metal such as Fe1*, T i 111, Cu1 , 
or Cr11. A well es tab lished  example of aromatic hydroxylation via 
a rad ica l  mechanism i s  seen in the su bs t itu t ion  react ion  o f  aromatic 
hydrocarbons with Fenton's reagent (see Chapter 1 on Model Systems).
This mechanism a lso invo lves  a o-complex, a hydroxycyclohexadienyl 
ra d ica l  der ived  by add it ion  o f  a hydroxy rad ica l  to a benzene r ing. 
Dimerisation then resu lts  unless an oxidant such as Cu**, Fe 1 1 1  or 
oxygen is  present to  o x id is e  th is  intermediate to a phenol. The
r e v e r s i b i l i t y  o f  addition o f  the hydroxyl rad ica l  to the benzene
, 3
r ing  has been demonstrated by Eberhardt .
S im ilar reagents to those described above have been u t i l i s e d
to substitu te  unactivated a l ip h a t ic  hydrocarbons. In a react ion  with 
4
R2 NCI the product is  a ch lo r ine-subst itu ted  hydrocarbon, in contrast 
to the amination product mentioned above. This process is  be l ieved  
to  operate via a rad ica l  mechanism, to g iv e ,  with hydrocarbons £ C ,^ 
a product o f  mono-substitution.
Non-radical subst itu t ion  o f  a l ip h a t ic  hydrocarbons has been 
achieved by the action o f  30% aqueous l^O,, in TFA^ and a lso  by O lah 's^ '^  
superacids. For the l a t t e r ,  protonation o f  water or oxygen with 
e i th e r  'magic a c id '  (HSO^F-SbF^) or fluoroantimonic ac id  (HF-SbF^) 
g iv e s  e l e c t r o p h i l i c  spec ies  capable of  hydroxylating methane. With 
other hydrocarbons c leavage  o f  their  carbon chain a lso  occurs.
I t  may be hoped that e luc idation of the mechanisms by 
which enzymes hydroxylate unactivated hydrocarbons w i l l  lead to 
improved methods fo r  ach iev ing  transformations of such molecules. 
A l t e r n a t i v e l y ,  clues about the enzymic mechanisms might be gleaned from 
observations on appropriate  chemical systems.
3.3 THE Nil! SHIFT
3
Analys is  of Lite tr it ium  lost from 14- H jacc tan i l id c  during
i t s  ox idation by the ary l hydroxylase o f  l i v e r  microsomcs appeared to8
Curoff  and h is  co-workers to be a r e l a t i v e l y  convenient method for
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assaying th is  enzyme. Unfortunately, analys is  o f  the product 
(p -hydroxyacetan i l id e )  showed that t r i t iu m  loss was n e g l i g ib le  even 
though ox ida t ion  had obviously taken p lace .  Some time la t e r ,  attempts 
by these workers to use a s im ilar  method o f  assay fo r  both tryptophan- 
5-hydroxylase and phenylalanine hydroxylase again showed unexpected 
re ten tion  o f  t r i t iu m . Faced with these r esu lt s ,  the f i r s t  react ion  
o f  Curoff ct a l.  was to question the s p e c i f i c i t i e s  o f  the procedures 
used to labe l the substrates. As these assays used r e l a t i v e l y  low 
le v e ls  of t r i t iu m  lab e l l in g  attempts to  v e r i f y  the pos it ion  o f
incorporation would not be a t r i v i a l  task. In order to overcome th is
2  , |  
problem [4 -  H] phenylalanine was synthesised and H NMR spectroscopy was
used to demonstrate that deuterium occupied s o le ly  the 4 -pos it ion .
Oxidation of th is  substrate by phenylalanine hydroxylase led to
tyros ine  in which between 60 and 70% o f  the deuterium labe l  had been
reta ined. The conclusion drawn was that during the ox idation procedure
a rearrangement had taken place causing deuterium to migrate from the
4-pos it ion  to  some other pos it ion  . To id e n t i f y  th is  pos it ion  the
deuterated ty ro s in e  was treated with ty ros ine  hydroxylase to g ive
3,4-dihydroxyphcnylalanine. This product retained 50% of the deuterium
o r ig in a l l y  present in the tyros ine . Hence, the labe l had moved from
the 4- to the 3 -pos it ion  during the ox idat ion  with phenylalanine
hydroxylase. This conclusion was confirmed by trea t ing  the deuterated
tyrosine with N-iodosuccinamide g iv in g  3 ,5 -d iiodotyros ine  with complete
loss of deuterium.
The mechanism by which the migration o f  deuterium or tr it ium  
occurs in the ox idation  o f  phenylalanine by phenylalanine hydroxylase 
is  be lieved t o  be that shown in F ig. 3.1. This invo lves an i n i t i a l  
attack by some enzymic ox id is in g  species  on one o f  the formal double 
bonds o f tlie aromatic ring to g ive  an arene oxide ( ^ ) . This epoxide
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F ig .  3.1
is  be l ieved  to  be in equ il ib r ium  with the ring-opened zw it te r ion  ( 2 ) 
from which the formation o f  dienone Q )  is  envisaged to take place 
by 1,2-deuterium m igra t ion .  Eno lisa t ion  o f  th is  dienone with loss 
o f  hydrogen or deuterium, should, i f  th is  step is  non-enzymic, be 
dependent on a primary k in e t i c  isotope e f f e c t .  In publishing th is  
work, Guroff and his co-workers christened the migratory  mechanism 
the 'NIH s h i f t ' ,  NIH standing f o r  the National In s t i tu t e  o f  Health 
where the react ion  was d iscovered .
. 9
Since i t s  'u n v e i l in g  ceremony' the NIH s h i f t  has been 
shown to occur in ox ida t ion s  that are mediated by a number o f  mono­
oxygenase enzymes from a wide v a r ie t y  of  b io lo g ic a l  m ilieu including 
mammalian, p lan t ,  fungal and b a c te r ia l  systems. Model systems have 
a lso  been used to e f f e c t  ox idations  in which an NIH s h i f t  is  seen
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(see tlie sect ion  on Model Systems in Chapter I ) .
The NIH s h i f t  has been shown to operate, f o r  certa in
enzymes, w ith  ch lo r in e ,  bromine or simple a lky l  m oie t ies  as the
, i i 9
migrating group instead of hydrogen or i t s  isotopes.
The postulated intermediacy of an epoxide was given 
good experimental support when, in 1968, naphthalene was ox id ised 
by l i v e r  microsomes* .  The product l-naphthol was completely 
separated by chromatography from a band containing unreacted 
naphthalene. The contents of  th is  band were then treated with acid 
and gave a product spot on t . l . c .  that co-chromatographed with 
l-naphthol. In the chromatographic systems used naphthalene-1 ,2-oxide 
was not separated from naphthalene and so the ac id ic  treatment o f  the 
band con ta in ing  naphthalene converts any oxide present to  l-naphthol. 
In add it ion  to supporting the intermediacy of an epoxide in the 
hydroxylation  o f  naphthalene these resu lts  a lso  ind icated that the 
epoxide i s  an enzymic product and suggested that i t s  rearrangement 
to l-naphthol need not be enzyme-mediated. The spontaneous isomerisa­
t ion  o f  syn thet ic  naphthalene- 1 , 2 -ox ide in various so lvents  and bu ffer
systems to  g iv e  comparable products to those found in  enzymic oxida-
. 1 2
l ion  o f  naphthalene a lso  supported th is  premise .
The major product from the spontaneous isomerisation o f
9 11 13
naphthalene-1,2-oxide is  l-naphthol ’ ’ . The f a i lu r e  to  observe
much 2 -naphthol i s  be l ieved  to  be due to the g reater  s t a b i l i t y  of  
the zw i t t e r io n  (4, F ig .  3.2) which leads to  l-naphthol, compared to«V,’
1 2
the zw i t t e r io n  (5 ) which is  a precursor o f  2-naphthol
In d irec t  evidence fo r  the presence o f  an intermediate ketone
2
a lso  came out of  the work on naphthalene. When e i th e r  f l -  H i- or
[ 2 - 2 H.lnaphthalene was ox id ised the deuterium reten t ion  was found
1 0
to be independent o f  the pos it ion  o f  the labe l in the substrate
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Fig . 3.2
This ind ica tes  the presence in the react ion  pathway o f  a common
interm ediate, probably the ketone shown below. This ketone
(undeuterated) has been observed in the photochemical rearrangement
g
o f  naphthalene-1,2-oxide at -I80°C. A lso , rearrangement o f
I , 2 -d imethylnaphthalene-l , 2 -ox ide g ives  the s tab le  l - o x o - 2 , 2 -
9
dimethylnaphthalene .
F ig .  3.3
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Labe l l in g  work has shown that the én o l isa t ion  o f  the keto 
intermediate is  frequ en t ly  a non-enzymic process, because i t  is  
normally associated w ith  a marked primary isotope e f f e c t .  I f  the 
én o l isa t ion  were enzyme-induced i t  is  expected that the proton 
abstract ion step occurs s t e r e o s p e c i f i c a l ly  ( c h i r a l  enzyme acting  
on d ia s te reo top ic  methylene hydrogens*^). Thus, i f  one o f  the 
hydrogens o f  th is  methylene group is  replaced by deuterium or 
tr i t iu m , depending on the s t e r e o s p e c i f i c i t y  o f  the process, the 
isotope of hydrogen would be e i th e r  completely lo s t  or reta ined .
Trit ium reten t ions  are normally higher than deuterium reten t ions  
as is  demonstrated in the ox idation o f T4- Hjphenylalanine by
phenylalanine hydroxylase. This g ives  94% re ten t ion ,  whereas
2 . 1 5
ox idation  o f  [4 -  Hlphcnylalanine g ives  only 70% re ten t ion  .
I f  the mechanism shown in F ig. 3.1 is  co r rec t  and the
én o l isa t ion  step i s  a non-enzymic process, then the same le v e l  of
re ten t ion  should be a tta ined  i r r e sp ec t iv e  o f  whether t r i t ium  is  in the
3- or 4 -pos it ion  o f  the s ta r t in g  m ater ia l .  This assumption appears
3
to be va l ida ted  by the observations that ox idat ion  o f  [ 4 -  Hlphenylalanine
3g ives  94% tr i t ium  r e ten t ion ,  whereas ox idation  of [3 -  Hlphenylalanine 
g ives  95-96% tr it ium  re ten t ion .  The importance o f  the primary 
k in e t ic  isotope  e f f e c t  f o r  the éno l isa t ion  step is  further  demonstrated 
by the observations that the amount of t r i t ium  re ten t ion  is  changed 
by a l t e r in g  the nature o f  the substituent on the migratory  terminus.
Table 3.1 shows that i f  t r it ium  moves to a carbon bearing a hydrogen 
then the re ten t ion  is  higher than i f  there was a lready a deuterium 
there.
Tf the loss o f  hydrogen from the keto intermediate does
not take place in so lu t ion  away from the enzyme but is  e f fe c te d  by2
a basic group on the enzyme, then the ox idation  of i l — H lnaphthalene
-4' " * vf > -;•»; 'a#' .4y 'rfkk JW  t $  •<
and [2 -  HJnaphthalene should in one case g i v e  complete re ten t ion  
and in the other case complete loss  of deuterium, assuming that the 
epoxidation step is  s t e r c o s p e c i f i c  ( i . e .  g i v in g  a pure enantiomeric 
naph tha lene-1 ,2 -ox ide ) . With microsomal ox ida t ion  both o f  these 
substrates gave aa. 65% reten t ion  o f  deuterium'^.
Although the vast m a jo r i ty  of r e su l t s  from research on the 
’ NIH s h i f t ’ support the postulated pathway (F ig .  3 .1 ) ,  there are 
some anomalous f ind ings  that do not completely f i t  in to  th is  
pattern .  One such resu lt  was found in the hepatic microsomal 
ox ida t ion  of [ 4 - ‘’ ! l ]chlorobcnzene, where a deuterium r e t en t io n  o f  aa. 
54% was found, whereas [3 -  Hlchlorobenzene proceeds w ith  aa. 93% 
re ten t ion *^ .  This could mean that e i th e r  some deuterium is  lo s t  
be fo re  the rearrangement to ketone (o f .  F ig .  3.4) or th a t  there is  an 
enzyme-mediated removal p r e f e r e n t ia l l y ,  though not e x c lu s iv e ly ,  
o f  one o f  the atoms from a c h ira l  intermediate (of. F ig .  3 .5 ).
HK OH
uCl
OH
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F ig .  3.5
The f a c t  that th is  o x id is in g  system does not normally show resu lts  
consis ten t with the l a t t e r  p o s s ib i l i t y  must argue f o r  a loss of 
deuterium be fore  the ketone i s  formed. This is  supported by a 
number o f  ox idations  with the same enzyme system on d i f f e r e n t  
substrates. The pattern  that emerges is  that the nature o f  the 
R group on the substrate in f luences  the amount o f  deuterium 
re ta in ed9 . Ion isab le  or e le c t ro n  donating substituents capable 
of  s t a b i l i s in g  the interm ediate  cationic species enable d ir e c t  loss 
of  deuterium via pathway b o f  F ig. 3.4 to compete more e f f e c t i v e l y  
and so resu lt  in g en e ra l ly  lower values o f  deuterium re ten t ion .
As may be expected the deuterium or tr i t ium  r e ten t ion  found when
the R substituent is  an io n isa b le  group (e . g .  NH^) is  a function o f  the
pH o f  the medium; the more basic the medium the lo i* r  the deuterium
. 9
re ten t ion  .
The f in a l  supportive evidence that the 'NIH s h i f t '  is  not
t o t a l l y  enzyme-mediated comes from the observation that the amount of
t r i t iu m  retained in the ox ida t ion  o f  [ 4 - *HIphenylalanine by
phenylalanine hydroxylase i s  not s p e c ie s -s p e c i f i c .  The amount of
re ten t ion  observed fo r  the monooxygenase enzymes de r iv ed  from
9
Pceudom onao, P c n i c i l l im  or l i v e r  microsomcs is  > 90Z .
I
3.4 ENZYMIC OXIDATION OF ARENES
In an attempt to f ind  a substrate f o r  the monooxygenase 
from Mathyloooccua capnulatuo with the s tructure shown in F ig .  3.6 
(the reason fo r  which w i l l  be explained in Chapter 4) i t  was decided 
to try  « -m ethy ls tyrene .  This substrate was chosen on account o f  i t s  
convenient molecular s ize  and hence handling ch a ra c te r is t ic s  o f  i t s  
l i k e l y  p roduct(s )  o f  ox idation .
R
Fig . 3.6
Oxidation of «-m ethy ls tyrene  witli the monooxygenase from M. oapaulatua 
gave a product which could not be id e n t i f i e d  by A. K. Wong'^, although 
a number of l i k e l y  products o f  ox idation  ( 2 -m ethy l- 2 -phenyloxiran,
2 -phenylprop- 2 - e n - l - o l  and 2 -phenylprop- 2 - e n - l - n l )  had been synthesised 
to provide authentic  standards fo r  t . l . c .  The author re-examined th is  
problem by ca rry in g  out a small scale ox ida t ion  that showed a s ing le  
product spot on t . l . c .  ana lys is .  Increas ing  the scale of  the 
ox idation  and p u r i fy in g  th is  product by p reparat ive  t . l . c .  enabled 
a ' H NMR spectrum to be obtained. This spectrum, shown in F ig .  3.14, 
shows a s in g le t  methyl peak at 2 . 1  p.p.m. and fo r  the o l e f i n i c  
hydrogens, two s in g le ts  at 4.9 and 5.2 p.p.m. The large peak at
5.3 p.p.m. is  due to contamination with dichloromethanc. The A , !^  
quartet typ ica l  o f  para-disubstituted aromatic compounds shows as 
two doublets centred on 6.65 and 7.2 p.p.m. This in te rp re ta t ion  o f  
the spectrum showed that the product was the phenol produced by

para-hydroxylation of the aromatic ring. This conclusion was
supported by the u.v .  spectrum which showed a  ^ o f  258 nm.
Addition  o f  one drop of 5 M NaOH resu lted  in a movement o f  th is
peak to 282 nm and an increase in i t s  ex t in c t io n  c o e f f i c i e n t .
Addition  o f  I M MCI caused the peak to move back to  i t s
o r ig in a l  pos i t io n  of 258 nm with a corresponding reduction in
peak he igh t .  This type o f  behaviour is  t y p ica l  o f  phenols,
treatment with a base causing abstract ion  o f  the phenolic hydrogen
(F ig .  3 .7 ) .  The resu ltant anion is s ta b i l i s e d  by conjugation with
the aromatic r ing  g iv in g  a larger  chromophorc with concomitant
increase in i t s  \ . A c id i f i c a t io n  re-protonates  th is  anion with
max
regeneration o f  the phenol.
Attempts at fu r ther  charac ter isa t ion  o f  the product o f  
enzymic ox ida t ion  o f  a-methylstyrcne by e le c t ro n  impact mass 
spectrometry were not e n t i r e l y  successful due, probably, to 
s e l f -p ro to n a t io n  o f  the phenol to g ive  an apparent molecular ion 
at m/z o f  145 instead of 144.
The fa c t  that the major is o la b le  product was the para- 
d isubst itu ted  arene suggested that the o x id is in g  agent used by
M. capaulaLuo is  e l e c t r o p h i l i c  in nature, l ik e  the species be l ieved  
to p a r t ic ip a te  in cytochrome P-450 ox ida t ions .
F ig .  3.7
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To see i f  th is  r e su lt  was repeated with other aromatic
compounds we i n i t i a l l y  chose ethylbenzene as a substrate. The 
reason fo r  th is  choice was that a l l  poss ib le  products from mono- 
hydroxylation o f  the aromatic r in g ,  i . e . ,  2 - ,  3- and 4-ethylphenol 
were r ea d i ly  a v a i la b le ,  as were the p o ten t ia l  products from ox ida t ion  
o f  the side chain, i . e . ,  1- and 2-phenylethanol. A sm a ll-sca le  
ox idation  was ca rr ied  out and the products were analysed by t . l . c .
This showed two spots which were confirmed to  be products o f  mono­
oxygenase a c t i v i t y  by appropriate  con tro l experiments (see M ater ia ls  
and Methods s e c t io n ) .  One o f  these spots co-chromatographed with 
A-ethylphenol and the other with I-pheny lethanol. Increas ing  the scale 
and analysing the products by *H NMR spectroscopy supported these 
deductions. One product showed the A2 B2  coupling pattern in  the aromatic 
region expected from 4 -ethy lphonol. The second product showed a s in g le t  
at 6  7.25 p.p.m. and a quartet at A .85 p.p.m. These s igna ls  correspond 
to the resonances in the *H NMR spectrum o f  authentic I-pheny le thanol , 
from i t s  aromatic and s ide-chain  methine, r e s p e c t i v e l y .  The resonance 
from the methyl group was masked by im pu rit ies ,  but the coupling constant 
o f  the methine hydrogen to th is  methyl group was observed to be 
approximately 6  Hz. A u .v .  spectrum o f  the 4-ethylphenol showed a
\ at 280 nm that on treatment with 5 M NaOH moved to  288 nm and returned to  
max
280 nm on treatment with I M HC1. As a f in a l  method o f  ch arac te r isa t ion  
g . l . c .  analys is  was used. With a column o f  SPI000 on Carbopac P i t  was 
poss ib le  to separate the three ethylphenol isomers. From the product 
o f  enzymic ox ida t ion  o f  ethylbenzene, two predominant peaks were 
observed corresponding to A-ethylphenol and I -pheny lethanol. No 
s ig n i f ic a n t  peak could be seen that would be consis ten t with the 
presence o f  2-phenylethanol. A lso ,  no peaks were seen to co­
chromatograph with authentic 2- and 3 -ethy lpheno ls . The accuracy 
o f  the analyses fo r  these phenols was r e l a t i v e l y  poor because th e i r  
re ten t ion  times were long and peaks were rather broad. However, i t
was poss ib le  to deduce that ÿ 27. 2- and $ 1% 3-ethylphenol had been 
formed ( 7. o f  the 4-ethylphenol isomer formed).
The observed para-hydroxylations imply an e l e c t r o p h i l i c  
character f o r  the enzymic ox id is in g  agent. The low y ie ld  or absence 
of mota-hydroxylated product is  not su rpr is ing .  However, the non­
formation o f ortho-hydroxylated product needs some exp lanation . This 
is  probably a consequence o f  the way the a c t i v e  s i t e  o f  the M.C. 
mono-oxygenase binds the substrate . I f  the a c t iv e  s i t e  is  a narrow 
depression or c l e f t  in the enzyme's surface and the aromatic substrate  
binds in one o f  the con figu ra t ions  shown in F ig .  3 .8, then the s i t e s  
o f  ox ida t ion  would be determined p r im ar i ly  by th e ir  r e l a t i v e  prox im ity  
to the ox id is in g  agent.
I f  the binding conformation were the on ly  c r i t e r i a  then one would 
expect,  from the model shown, that ethylbenzene would g iv e  2 -phenylethanol 
in preference to I-phonyle thanol. That th is  does not occur may ind icate  
the need fo r  the substrate to be ab le  to  s t a b i l i s e  some t r a n s i to ry  
charge in the ox ida t ion  process. This point w i l l  be discussed la t e r  
in thin Chapter and a lso  in Chapter 5.
Oxidation o f  to luene gave two product spots on t . l . c .  
ana lys is  that co-chromatographed with authentic  para -creso l  and benzyl 
a lcoh o l .  Attempts to separate the 2-, 3- and 4 -c reso l  isomers or 
th e ir  3 ,5-d in itrobenzoates  by t . l . c .  was unsuccessful. Increas ing  
the scale of  the ox ida t ion  and p u r i f i c a t io n  o f  the products by
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preparative  t . l . c . ,  fo l low ed  by ana lys is  by H NMR spectroscopy, showed 
the band with the higher Rj- to be para-creso l (comparison o f  the *H 
NMR spectrum with that obtained from an authentic sample). S im ila r ly ,  
the other product was id e n t i f i e d  as benzyl a lc o h o l .  G . l . c .  analysis 
confirmed these f ind ings  and showed the presence o f  i  35! 2- and i  57.
3-creso l  (7. o f  the para-creso l formed). The r a t i o  of  benzyl a lcohol to  para- 
c reso l  was oa. 4:1 showing a marked change from the 1:1 r a t io  o f  
I-phcnylethanol to 4-ethyl phenol observed in the ox idation of 
ethylbenzene. This r e su lt  is  consistent with the proposed model of 
the a c t iv e  s i t e ,  because increasing the length o f  the side-chain on 
the aromatic r ing  could resu lt  in increased s t e r i c  hindrance to binding 
in the mode lead ing to s ide-chain ox idation (o f.  F ig .  3 .9 ) .
n 0 -ch2- /  \\CH1
Fig . 3.9
Oxidation o f  styrene a lso  led to two products. These were 
i d e n t i f i e d  as 4-hydroxystyrene and styrene epoxide by comparison 
o f  th e ir  *11 NMR spectra with those obtained from authentic samples.
The u .v .  spectrum o f  the phenolic product showed a ^max ° f  258 nm 
that on add it ion  o f  aqueous NaOH moved to 282 nm. On a c id i f i c a t io n  
a peak was again observed at 258 nm. The r a t i o  o f  the 4-hydroxystyrene 
to styrene epoxide was ca. 1 : 1  (of. ethylbenzene ox ida t ion ) .
Oxidation of propylbenzene and butylbenzene each showed a s ing le  product 
spot on t . l . c .  For propylbenzene, is o la t io n  o f  the product o f  ox idation  
by preparative  t . l . c .  enabled *11 NMR spectroscop ic  analysis to be 
carr ied  out. This showed an pattern in the aromatic region
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ind ica t in g  the product to be 4-propylphcnol. The ox ida t ion  of 
butylbenzeno gave in s u f f i c i e n t  product fo r  ana lys is  by *H NMR 
spectroscopy, but i t s  behaviour on t . l . c .  was con s is ten t  with 
hydroxylation having occurred at the para -pos it ion .  These resu lts  
are consistent with the proposed model o f  the a c t iv e  s i t e  o f  the 
M.C. mono-oxygenase (sec above ) .  The decrease in product (s )  
from ox ida t ion  o f  the a lk y l  res idue ,  r e l a t i v e  to  the ox ida t ion  in 
the r in g ,  found with ethylbenzene as compared to to luene ,  is  
maintained as the cha in - leng th  is  increased. Indeed, fo r  chain- 
lengths above C7  no d e f i n i t e  ox idat ion  of the s ide-cha in  could be 
observed. The increase in s ide-cha in  length a lso  seems to decrease 
the o v e ra l l  e f f i c i e n c y  o f  o x ida t ion .  For t-butylbenzene no 
ox idation products o f  any kind were observed. For ox ida t ion  of 
butylbenzene an a lys is  o f  the product by *11 NMR spectroscopy in the 
manner used fo r  ethylbenzene was not poss ib le .  Thus, in s u f f i c i e n t  
product was formed from butylbenzene to g ive  adequate s ign a l - to -n o is e  
r a t io  in the *11 NMR spectrum. These re su lt s  ind ica te  that the a c t iv e  
s i t e  is  a c re v ic e  in a p ro te in  (of, F ig .  3.10) and as the s ide-chain 
becomes e i th e r  longer and more f l e x i b l e ,  or just bu lky, i t  prevents the 
aromatic port ion  o f  the molecule from reaching the oxidant e f f i c i e n t l y .  
The lack o f s ide-chain  ox ida t ion  with a-mothylstyrcne may be due to 
the methyl group p reventing  the substrate from approaching c lose
F ig. 3.10
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Another po ten t ia l  substrate with an 'a-m cthy l '  group is  
cumene and pred ic tab ly  ox idation o f  th is  substrate gave a s ing le  
product spot on t . l . c .  'll NMR spectroscop ic  ana lys is  o f  th is 
product showed an pattern in the aromatic reg ion again ind ica t in g
para-hydroxy la t ion . The lack o f  other aromatic resonances ind icated  
that any products a r is in g  from ox ida t ion  in the propyl group were 
$ 1 0 % o f  the 4-hydroxycumene product.
I f ,  as suspected, the lower ox ida t ion  ra tes  fo r  substrates 
w ith a C^, or longer, a lk y l  s ide-chain  are due to  s t e r i c  in h ib i t ion  
a t t r ib u ta b le  to the s ize  and f l e x i b i l i t y  o f  th is  s ide-cha in , then 
in trodu ct ion  of a C=C in to  th is  chain may overcome th is  trend. This 
was supported by the observation that ox idations  o f  e t a -  and t r a n s - 8 -  
methy1styrene  each gave two product spots on t . l . c .  ana lys is .  Ana lys is  
o f  the products with higher Rf by 'll NMR spectroscopy each showed an 
A^II., pa ttern  in the aromatic reg ion ,  ind ica t in g  that both e ta -  and 
tramJ-B-mothylstyreno had been hydroxylated in the para-pos it ion .  
Comparison o f  the in t en s i t i e s  o f  spots on the t . l . c .  showed that the 
product w ith  the lower R^  had been formed in la rge r  quantity  from 
the trann- isomer than from the e ta - isom er.  There was in s u f f i c i e n t  
product from the ox idation o f  e i t h e r  isomer fo r  ' h NMR spectroscopic 
an a lys is ,  but t . l . c .  analysis o f  the product from ¿ratm-p-methylstyrene 
showed that i t  co-chromatographed with tiwm-c innamyl a lcohol.
This was the f i r s t  time that we had observed co-ox idation
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of u side-chain and i t  could be argued that there is  an ' e l e c t r o n i c '  
requirement, i . o . ,  ox idation  only occurs at those pos it ions  where a 
rad ica l or carbocation can be s ta b i l i s e d  by conjugation. With a lk y l  
s ide-chains longer than C., only the carbon a to the aromatic r ing  
can f u l f i l  this requirement and s tc r ic  hindrance may make th is  
pos it ion  unavailab le to the oxidant. Assuming that there i s  only 
one iso-enzyme in the b a c te r ia l  system used, th is  argument f a i l s  to 
account fo r  the known a l ip h a t ic  ox ida t ion s ,  e . g . ,  o f  methane*^. The 
author w i l l  return to  th is  point in Chapter 5.
Frequently aromatic hydroxylations are accompanied by an 
'NIH s h i f t '  (see introduct ion to th is Chapter) and th is  does g ive  
some indication o f  the nature o f  the 'a c t i v e  oxygen' species . For 
th is reason in ves t ig a t ion s  were undertaken to determine i f  such a
rearrangement accompanied ox idations  mediated by the M.C. monooxygenase.
2
The substrate i n i t i a l l y  chosen fo r  th is  in v e s t ig a t io n  was (4 -  Hlethylbenzene
because ethylbenzene was found to be ox id ised  r e l a t i v e l y  e f f i c i e n t l y ,
aa. 50% of the product being 4 -ethy lpheno l. 1H NMR spectroscopic
2
analysis o f  the product from [4 -  Hlethylbenzene a f t e r  p reparative  t . l . c .  
p u r i f i c a t io n ,  showed d i f fe r en ce s  in the A,,B., pattern when compared to 
authentic 4-ethylphenol (F ig .  3.15 B & C). These d i f fe r e n c e s  can be 
explained by pos tu la t ing  the occurrence o f  an 'NIH s h i f t ' .  The 
decrease in in t en s i t y  o f  the hit ler  f i e l d  doublet is  due to p a r t ia l  
deuterium reten t ion  adjacent to the hydroxyl-bearing carbon (p o s i t io n  
Hb in F ig .  3.15). With deuterium in t ins pos it ion  the adjacent proton 
(shown as lla) w i l l  not show any coupling and consequently w i l l  appear 
as a s in g le t  ( ig n o r in g  small JJ coupling between H and D ). This 
s in g le t  w i l l  be superimposed on the doublet from the undcutorated 
ha lf  o f  the molecule. Support f o r  th is  in te rp re ta t io n  comes from 
the 61.4 MHz 1^1 NMR spectrum (F ig .  3.15 A) o f  th is  product. This
I.QA.
F ig .  3.15 A Aromatic region o f the 61.4 MHz 2H NMR spectrum o f  
the ox idation  product o f  [ 4 - 2 H]ethy l benzene
B Aromatic region o f  the 220 MHz ! H NMR spectrum o f  the 
ox idat ion  product o f  r 4 - 2 H]ethyl benzene
C Aromatic reg ion of the 220 MHz >H NMR spectrum o f  
authentic 4-ethylphenol
spectrum shows a s in g le  deuterium peak corresponding in chemical 
s h i f t  to the high f i e l d  port ion  of the A 2 B2  resonances in the *H 
NMR spectrum.
Attempts to quantify  the deuterium re ten t ion  by e lec tron
impact mass-spectral ana lys is  of  both the parent compound and certa in
18
d e r iv a t iv e s  have proved inconc lus ive . The published value o f  oa.
60% deuterium re ten t ion  was based on some of these values and was
supported by the in tegra ted  Ml NMR spectrum.
The 'NIH s h i f t '  has been reported to occur w ith  certa in
monooxygenases when the m igrating group is  ch lo r in e  or bromine.
However, with the M.C. mono-oxygenase attempts to ox id ise  4-bromo-
ethylbenzene were unsuccessful.
Pre l im inary  in ves t iga t ion s  o f  the ox ida t ion  o f  naphthalene
by the M.C. enzyme ind icated  the formation o f  I -  and 2-naphthols and
a th ird  u n iden t i f ied  product19. We confirmed the formation o f  the naphthols
(see below) and suggest that the so -ca l led  th ird  product is  an a r t e f a c t ,
probably a fa t t y  ac id  extracted  from the c e l l s  used. Both naphthols were
id e n t i f i e d  by th e ir  *H NMR spectra and th e ir  r e l a t i v e  amounts were
estimated as 1.6:1 ( l -naphtho l:2-naphtho l)  by h . p . l . c .  This resu lt
contrasts with ox ida t ion s  of naphthalene mediated by other enzymes
9
in which only a trace  o f  2 -naphthol was seen . 2
2 2
Microsomal ox idation  o f  [ I -  Hi- and I 2- HInaphthalene has
prev ious ly  been used in determining the mechanism of the 'NIH s h i f t '
(see introductory  sec t ion  to th is  Chapter). We f e l t  that the use o f
these substrates w ith  the M.C. enzyme might g iv e  some ind ica t ion  of
the mechanism that leads to the formation o f  2 -naphthol.
9Jerina and his co-workers showed that the traces o f  2 -naphthol 
produced in the microsomal ox idat ion  o f  naphthalene arose from 
spontaneous rearrangement o f  naphthalene I ,2 -ox ide .  No evidence
was found Co implicate naphthalene-2,3-oxide as an intennediate
in the oxidation pathway. An attempt to synthesise naphthalene-
, 9
2,3-oxide gave the oxepin (£) as the only isolable product.
No 2-naphthol was observed and this led Jerina to suspect that 
the rearrangement shown in Fig . 3.12 was irreversible. I f  this 
is  true then the relatively large amount of 2-naphthol produced 
in the M.C. oxidation of naphthalene is unlikely to have arisen 
via naphthalene-2,3-oxide. I f  there is an epoxide intermediate, 
as the 'NIH s h ift ' results indicate, then the 2-naphthol 
produced must be a product of the rearrangement of naphthalene- 
1,2-oxide.
F ig .  3.12
Assuming that the enzymic ox ida t ion  o f  e i t h e r  I -  or 
2 -deuterated naphthalene to g ive  naphthalene- 1 , 2 -o x id e  proceeds 
without a s ig n i f i c a n t  secondary isotope e f f e c t ,  then th is  
ox ida t ion  should occur with equal p ro b a b i l i t y  at any one o f  four 
equ iva lent p o s i t io n s ,  leading to  the mixture o f  intermediates 
(o r  products ),  shown in F ig .  3 .12 (a ) .
11(D)
H(D)
^ H ( D )
1Q7
F ig . 3.12(a)
A va i lab le  evidence suggests  that these compounds normally 
rearrange to a dienone and then lo s e  hydrogen or deuterium to g ive  
the product naphthol (see NIH s h i f t ,  th is  Chapter). Mass spectra l 
ana lys is  o f  th is  product w i l l  o n ly  show the to ta l  amount o f  
deuterium and w i l l  not show the occurrence o f  an NIH s h i f t .  N.m.r. 
spectroscopy, however, can be used to id en t i fy  the p os i t io n  o f  the 
deuterium labe l  in dcuterated naphthols. F ig .  3 .12(b) shows *H n.m.r.
spectra fo r  authentic I -  and 2-naphthols. Because the chemical s h i f t
. . 2o f  deuterium w i l l  not d i f f e r  s i g n i f i c a n t l y  from that o f  hydrogen, H
n.m.r. spectroscopy can be used to  demonstrate that NIH s h i f t  has
occurred. By u t i l i s i n g  the fa c t  that deuterium loss from compounds
B, C and D (F ig .  3 .1 2 (a ) )  is  u n l ik e ly ,  the areas o f  resonances from
th e ir  deuterium atoms can be used as internal standards fo r  the
measurement o f  deuterium at the 2 -p o s i t io n  ( 1 -naphthol) and
1 -p o s i t io n  ( 2 -n a ph th o l ) .
The enzymic ox ida t ion  o f  1- and 2-deuterated naphthalene
was ca rr ied  out four times, tw ice with the crude ex trac t  u t i l i s e d
fo r  previous ox idations  and twice with whole c e l l s .  In the second
whole c e l l  ox ida t ion  potassium formate was added to increase the
y i e ld .  The average deuterium re ten t io n  found in these ox idations
is  shown in F ig .  3.13 (atom % o f  deuterium values shown). Due
to the low conversion o f  substrate  to product and the in s e n s i t i v i t y  o f  
2
H n.m.r. spectroscopy, these va lu es  are accurate to approximately 
+ 10% o f  the value shown. I t  i s  emphasised that on no occasion
could any deuterium be detected at the 3-pos it ion  o f  2-naphthol
2
obtained from the ox ida t ion  o f  [ 2 -  HJnaphthalene.
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p.p.m.
3.12(b) 220 ' h NMR spectrum 1 1 ( 0 ) OH
o f  a-naphthol (7)H , H( 2 )
( 6 )H '
1
‘ H(3)
H(5) H(4)
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p.p.m.
( I )  ( 2)
F ig .  3 .12(b)
(1 )  220 *H NMR spectrum o f  
g-naphthol in CCl^
(2 )  440 ' h NMR spectrum o f  
6 -naphthol in benzene
(7)11
(vfc)H
11(8) H( I )
f Y Yv v > « ,
H(5) H(4)
ca 5 0 %ca 50%
F ig .  3.13
These r esu lt s ,  un like P^Q-dependent ox ida t ions  of deuterated 
naphthalenes, cannot be explained by pos tu la t ing  d is so c ia t io n  of an 
intermediate epoxide from the enzyme fo l low ed  by spontaneous isomer­
is a t io n  to  the phenol. I f  th is  were the case then 2-naphthol should 
not be formed in such large quant it ies  and the deuterium re ten t ion  in 
any p a r t ic u la r  product should be independent of  the deuterium's 
i n i t i a l  p os it ion  (see 'NIH s h i f t '  s e c t io n ) .
Assuming that naphthalene can only bind in  one con figura t ion  
to the a c t iv e  s i t e  o f  the enzyme then i t  i s  reasonable to assume that 
epoxidat ion  w i l l  be s t c r c o s p e c i f i c .  I f  th is  is so, then Scheme 3.1 
shows the poss ib le  intermediates that would be produced and th e ir  
rearrangement products. From th is  scheme i t  can be seen that some 
of tlie dienone intermediates arc equ iva len t ,  i . e .  A ■ F, B ■ F.,
C = 11 and I) “ G. I f  cn o l isa t ion  o f  a dienone is enzyme-mediated 
and the proton or deuterium is  removed by a basic group on the
I l l
Schemi' 1.1 I'o ss ih lc  ¡n ton .ii'ilia ti's  anil products from the 
enzymic ox ida tion  of deutorated naphthalene».
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enzyme's a c t iv e  s i te  then, depending on the stereochemistry of  the 
dienones, a l l  or none of the deuterium should be removed and the 
paired groups shown above should re ta in  the same amount o f  deuterium 
in the product naphthols.
The deuterium reten t ion  values shown in F ig .  3.13 do not 
appear to  support th is  pathway, but ne ith er  are they consistent with 
enzyme-mediated, s t e r e o s p e c i f i c  removal o f  a proton or deuterium from
a racemic dienone, which would lead to oa. 50% reten tion  in a l l  cases.
2 2The conversions of f l -  111- and [ 2-“ Hlnaphthalene to 1-naphthol show 
30% and 70% deuterium re ten t ion ,  r e s p e c t i v e ly .  This is  consistent with 
a mechanistic pathway that invo lves  s t e r e o s p e c i f i c  removal o f  e i the r  
a proton or deuterium from a pure dienone enantiomer. The 30% 
'discrepancy' in both cases could be accounted fo r  by some d issoc ia t ion  
o f  the dicnone from the a c t iv e  s i t e  o f  the enzyme before the eno l isa t ion  
step, in which case a primary k in e t ic  iso tope  e f f e c t  on the spontaneous 
cn o l isa t ion  could account f o r  the values found.
2
The data fo r  deuterium reten t ion  in the conversion o f  C1 —“ H] and 2
2
[2 -  Hjnaphthalene to 2-naphthol shows va lues  o f  50% and 80% deuterium 
re ten t ion ,  r e s p e c t iv e ly .  This could be taken to ind icate  weaker binding 
o f  the 2 -ke to  intermediate r e l a t i v e  to the l -k e to  intermediate to the 
enzyme's a c t iv e  s i t e .  This would resu lt  in  g rea te r  loss o f  intermediate 
dienone b e fo re  the en o l isa t io n  step, fo l low ed  by spontaneous en o l isa t ion ,  
w ith a primary k in e t ic  isotope e f f e c t  again p a r t i a l l y  determining the 
amount o f  deuterium reta ined .
As was mentioned e a r l i e r  th is exp lanation has assumed that 
there is  on ly  one poss ib le  binding con figu ra t ion  o f  naphthalene to the 
enzyme's ac t iv e  s i t e .  Tf there were more than one then a mixture
o f  the two possib le  enantiomeric dienones would be produced. The2
30:70% r a t i o  o f  deuterium reta ined  in the ox idation o f f l -  Hi- and
I I A
12- H jnaphthalone to l-naphthol could then represent the r e l a t i v e  
binding a f f i n i t i e s  of these two modes with complete enzyme-mediated 
proton or deuterium removal. This p o s s ib i l i t y  would s t i l l  not 
completely exp la in  the r e s u l t s  fo r  2-naphthol. I t  would again requ ire  
some con tr ibu t ion  from non-enzymic rearrangement and/or én o l isa t io n ,  
due to d is so c ia t ion  of the intermediate from the enzyme.
2
3.5 EXPERIMENTAL
A-Etliy 1 phenol 3 ,5-d in itrobcnznatc
2 0  . . .
The procedure in  Vogel was used. R e c r y s ta l l i s a t io n  o f  the
crude product from ethanol gave white-coloured c r y s ta ls ,  m.p. 133.5°C
( l i t .  m.p. I32°C)1',' that showed a s ing le  spot on t . l . c .  (CH2 C12 , s i l i c a
g e l ,  u . v . )  w ith Rj- 0.18.
! H NMR (CC14 , p .p .m .) :  1.3 ( t ,  3 H), 2.7 (q ,  2 H ), 7.08, 7.22 (A 2 B2
system, A H, J ca. 10 H z ) ,  9.2 (s ,  3 H ) .
3,5 -D initrobenzoates o f  o r th o ,  meta and para-creso ls
2 0  . . .
The procedure in  Vogel was used. R e c ry s ta l l i s a t io n  o f  the
crude products from ethanol gave white-coloured c ry s ta ls  that showed
s ing le  spots on t . l . c .  (CH2 C12> s i l i c a  g e l ,  u . v . )  w ith a l l  R^s 0.13.
Their m.p.s were ortho I38°C ( l i t .  m.p. I38°C )2’ , meta I 6 6 °C ( l i t .
m.p. I65°C )21, para I89°C ( l i t .  m.p. I89°C )21.
’ ll NMR -  Ortho (CDClj, p .p .m . ) :  2.1 (s ,  3 H ) , 7.2 (m, A H), 9.3
(s ,  3 II).
' h NMR -  Meta (CDCl.^, p .p .m . ) :  2.35 (s ,  3 H ) , 7.2 (m, A H ) , 9.3
(s ,  3 H).
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H NMK -  Para (CDCl.j, p .p .m .) :  2 .A (s ,  3 H ) , 7.1, 7.25 ( A ^
system, A H, J aa. 9 Hz), 9.3 (s, 3 H).
Raa-\ -Phony lcthanol 3 ,5-<iin itrobenzoatc
20This was prepared by the method o f  Vogel . R e c ry s ta l l i s a t io n  
o f the crude product from methanol gave white-co loured c ry s ta ls ,  m.p. 
90°C ( l i t .  m.p. 9A °C )"1, t . l . c .  (C ll^C^, s i l i c a  g e l ,  u . v . )  showed a 
s ing le  spot Rj. 0.18.
'll NMR (CCl^, p .p .m .) :  1.75 (d , 3 H ) , 6.1 (q ,  I H ) , 7.35 (m, 5 H ) ,
9.0 ( s ,  3 H).
A-Ethylphenol a-naphthylnrethane
2 c
The standard method from Vogel was used. R e c ry s ta l l i s a t io n  
of the crude product from pe tro l  e ther  (b .p . 80-100°C) gave white 
c r y s t a l s ,  m.p. I30°C ( l i t .  m.p. 128°C)“ ' ;  the e lec tron  impact mass 
spectrum showed a weak molecular ion at m/z 291.
' h NMR (CDC13, p .p .m . ) :  1.25 (d, 3 H ) , 2.65 (q ,  2 H ) , 7.0-8.0
(complex m, II I I ) .
4 -K lhy lan iso le 20
To an ice -coo led ,  round-bottom f lask  f i t t e d  with re f lu x  
condenser and containing a s t i r r e r  bar was added A-ethylphenol
-3 . . .
(6.1 g ,  50 x 10 mol) and aqueous sodium hydroxide solution
(20 cm*, 50Z w/v). To the resu lt in g  s t i r r ed  so lut ion was added
-3
dimethyl sulphate (6 .3 g, 50 x 10 mol) dropwise over a 20 minute 
period. S t i r r in g  was continued fo r  a further  A0 minutes. The
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mixture was then heated at r e f lu x  fo r  2  h, allowed to cool and water 
3
(20 cm ) was added. The aqueous layer  was separated, extracted w ith
3d ie thy l  ether (3 x 10 cm ) and the combined organic fra c t ions  were
3 3
washed with water ( 1 0  cm ) ,  fo llowed by d i lu te  l^SO^ ( 2  x 1 0  cm )
and water, un t i l  the washings were neutral to litmus paper. The
mixture was then dried  (MgSO^), f i l t e r e d  and the ether was removed
by f lash  d i s t i l l a t i o n .  Reduced pressure d i s t i l l a t i o n  of the residue
(17 mmllg, 87-88°C) gave 2.46 g (18 x 10  ^ mol, 36.2% y i e ld )  o f  a
co lourless  l iqu id  that on t . l . c .  (CII^Cl.,, s i l i c a  g e l ,  u . v . )  showed
a s ing le  spot of  R^ . 0.61. Electron impact mass spectrometry showed
a weak molecular ion at m/z 136 and an intense ion at m/z 121.
'll NMR (CCl/(, p .p .m . ) :  1.15 ( t ,  3 H ) , 2.5 (q ,  2 H ) , 3.7 (s ,  3 H ) ,
6.65, 6.95 (A ,!^  system, 4 H, J oa. 7 Hz).
Diazomethane
. . 2 0  .
The apparatus was set up as described in Vogel with 
a l l  of the ground g lass  jo in ts  protected by Te f lon  s leeves . To
the f la sk  was added potassium hydroxide solut ion (1.67 g in
3 3
2.5 cm H,,0) and absolute ethanol (8.3 cm ) .  The mixture was gen t ly
s t i r red  and heated at 60-62°C wh ilst  a solution o f  p - to ly lsu lphony l-
-3 . . .methylnitrosamide (D iaza ld, 7.17 g, 33.5 x 10 mol) in d ie thy l
3
ether (42 cm ) was added dropwise over I { h. A golden coloured 
l iqu id  d i s t i l l e d  over and a f t e r  a l l  o f  the Diazald had been added 
d iethy l ether was added dropwise un t i l  the d i s t i l l a t e  became co lour less .  
The diazomethane was protected from l i g h t  and stored at -20°C.
I -Mi'tlioxy-1 -phonylethane
To a suspension o f  sodium hydride (38.7 x 10 g,
-3 , 3
1 . 6  x 1 0  mol) in dimethyl sulphoxidc ( I  cm ) was added rae-I -
-3 - 3  . . .
phenylethanol ( 1 2 . 2  x 1 0  g ,  0 . 1  x 1 0  mol) and methyl iodide
- 3 3 - 3  . . • .(125 x 10 cm , 2 x 10 m ol) .  The r e su lt in g  so lu t ion  was s t i r r e d
3
at room temperature overnight and then water ( 1 0  cm ) was added
3
dropwise and the mixture was extrac ted  with d ie th y l  e ther  (3 x 10 cm ) .
3
The ether f ra c t ion s  were combined, washed with brine (10 cm ) ,  d r ied  
(MgSO^), f i l t e r e d  and the so lvent removed by ro tary  evaporator to  
produce a co lou r less  o i l  pure by t . l . c .  (CH^C^, s i l i c a  g e l ,  u . v . )
Rj. 0.42. E lectron c o l l i s i o n  mass spec tra l  ana lys is  o f  th is  product 
gave a mass peak at m/z 136.
' h NMR (CC1A, p .p .m . ) :  1.35 (d , 3 H ) , 3.1 (s ,  3 H ) , 4.2 (q ,  I H ) , 7.2 (s
5 H).
Cinnamyl alcohol
-3
This was prepared by reducing cinnamylaldehyde (1.77 g ,
-3 . . .13.4 x 10 mol) with sodium borohydride in a lk a l in e  methanol. The
crude product was p u r i f i e d  by Kugelrohr d i s t i l l a t i o n  (20 mmllg, 165°C)
-3 . . . .
g iv in g  1.15 g (8 .5 x 10 mol, 63.8% y i e ld )  o f  a c lea r  l iq u id  that
c ry s ta l l i s e d  on standing.
'll NMR (CCl/(, p .p .m . ) :  3.35 (broad s, I 11), 4.2 (d, 2 11), 6.2
(doublet o f  t r i p l e t s ,  1 H ) , 6.5 (d , 1 II, J 18 Hz), 7.2 (m, 5 H ) .
I4-^H iKthylbonzcnc
To magnesium turnings (I g , 42 x 10 mol) covered by
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, 3
dry d ie thy l  ether  (20 cm ) was added a few drops o f  e thy l  iod ide .
When the ether s tarted  to b o i l  under r e f lu x  4-bromoethylbenzene
_3
(2.1 g, II  x 10 mol) was added. When the formation of Grignard 
2 3
reagent was complete H^ O (1.5 cm , 99.7 atom %) was added and the
mixture was heated fo r  oa. 5 minutes, cooled on i c e  and d ie th y l  
3 3ether (20 cm ) and d i lu te  1IC1 (25 cm ) were added. The ether layer 
was removed and dried  (MgSO^), f i l t e r e d  and the so lven t  removed by 
ro tary  evaporator. Kugelrohr d i s t i l l a t i o n  at 136°C gave 0.54 g
-3
(5.1 x 10 mol, 46.4% y i e ld )  o f  a co lou r less  l iq u id  that showed
a s in g le  peak on g . l . c .  (Apiezon on Chromosorb 101, 155°C).
' h NMR (CC14 , p .p .m .) :  1.2 ( t ,  3 11), 2.55 (q ,  2 H ) , 7.08, 7.18 ( A ^
2system, 4.1 H J oa. 7 Hz), Tthe in teg ra ls  ind icated  oa. 90% H 
incorporation 1.
I I - “'ll ¡Naphthalene
-3To magnesium turnings (I g , 42 x 10 mol) covered by dry
. 3 , ,
d ie th y l  ether (20 cm ) was added a few drops of e th y l  iod ide .  When
-3
the ether began to b o i l  under re f lu x  1-bromonaphthalene (4.2 g, 20 x 10 mol)
. . 2  
was added. When the formation o f  Grignard reagent was complete 1^0
(2.5 cm\ 99.7 atom %) was added and the mixture was heated fo r  oa.
5 minutes, cooled on ice  and d ie thy l  ether  (20 cm ) and d i lu te  HC1
(25 cm ) were added. The ether phase was removed and dried (MgSO^),
f i l t e r e d  and the solvent removed by ro ta ry  evaporator.  The resu lt ing
c ry s ta ls  were taken up in the minimum o f  ethy l ace ta te  and p u r i f ied
by passage down a short alumina column using p e tro l  ether (b .p .
40-60°C) as e luant. The so lvent was removed by r o ta r y  evaporator and
the product was r e c r y s ta l l i s e d  from ethanol. F in a l l y ,  sublimation
(22 mmllg, o i l  bath temp. 75°C) gave white c ry s ta ls ,  m.p. 81°C (of.
mnaphthalene m.p. 80°C).
H NMR (CC14 , p.p.tn.) : 7.35 (ra, A H ) , 7.7 (m, 3.1 H) [ t h e  in tegra ls
2
indicated oa. 90% H in co rpora t ion ] .
[2-^H]Naphthalene
This was prepared from 2-bromonaphthalene in the  manner2
described fo r  [ I -  Hlnaphthalene.
*H NMR (CCl^, p .p .m . ) :  7 .A (m, 3.3 H ) , 7.7 (m, A H) [ th e  in teg ra ls
. . 2
indicated oa. 70% H in co rpora t ion ] .
Méthylation of the products from enzymic ox idation of [ A - 2 H]ethylbenzene
The ox idation was carr ied  out and products were extracted by
the methods outlined in the M ate r ia ls  and Methods s ec t ion .  The solvent
was removed by ro tary  evaporator and to the residue was added dry
DMSO (I  cm3) ,  NaH (9.8A x I0 " 3  g, O.AI x lO- 3  mol) and Mel (58.2 x I0 ' 3  g, 
-3
O.AI x 10 m ol) .  The mixture was s t i r r e d  overnight at room temperature
3
and then water (10 cm ) was added dropwise. The mixture was then
, 3
extracted with dichloromethane (3 x 10 cm ) and the combined organic
. . 3fra c t ion s  were extracted with brine (10 cm ) ,  dried  (MgSO^), f i l t e r e d
and the solvent removed by ro tary  evaporator.  The product was pur i f ied
by preparative  t . l . c .  (C I^ C ^ ,  s i l i c a  g e l ,  u . v . ) .
I t  i s  un like ly  that any deuterium is  lo s t  in th i s  procedure
because exchange requires a proton source, which is  absent under
these basic aprotic  react ion  cond it ions .
T . l . c .  C h a rac te r is t ic s  o f  Products from Enzyme Oxidations
Substrate Product
Rf
Solvent
a-Me thy1 styrene 0.33 ch2 c i 2
Ethylbenzene 0.25, 0.14 2 0 % othy laceta te  in hexane
Toluene 0.67, 0.13 Et 2 0
Styrene 0.34, 0.15
CH2 C 1 2
Propylhenzene 0 . 2 0 CH2 C12
Butyl benzene 0.18 CH2 C12
2-Propylbenzene 0.16 CH2 C12
ats-fi-Methylstyrene 0.23, 0.14 C1I2 C12
0.26, 0.13 2 0 % ethy lace ta te  in p e tro l  ether
(b .p . 60-80°C)
tnans- 6 -Methylstyrene 0.23, 0.14 ch2 c i 2
0.26, 0.13 2 0 % ethy lace ta te  in p e t ro l  ether
(b .p. 60-80°C)
Naphthalene 0.25, 0.18 ch2 c i 2
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CHAPTER 4
ALKENES AND ALKYNES
A.I OBJECTIVES
There were two main reasons fo r  undertaking the work 
described in th is  Chapter. Epoxidation o f  o l e f i n i c  groups by the 
monooxygenase o f  M.C. had already been shown to  occu r ' .  Any 
stereochemical changes a r is in g  as a resu lt  o f  th is  epoxidation 
should g ive  some ind ica t ion  of the nature o f  the oxidant and the 
mechanism u t i l i s e d .
The second l in e  o f  work arose as a r e su lt  o f  the in h ib i t io n
2
o f  the enzymic a c t i v i t y  by certa in  alkyne groups . I t  was hoped that 
th is  in h ib i t io n  might be used for  is o la t io n  and p u r i f i c a t io n  o f  the 
enzyme.
4.2 ALKENE EP0XIDAT10NS
Of a l l  o f  the d i f f e r e n t  types o f  r ea c t ion  catalysed by 
the various monooxygenase enzymes, o l e f in  epox idat ion  is  probably 
the eas iest  to  achieve chemically. The standard laboratory  method 
o f  epoxidation is  the Prilczhacv reaction in which a peracid such as 
perbcnzoic ac id  reacts with an o l e f in  at room temperature to produce 
the epoxide. Two mechanisms have been advanced that could exp la in  
the experimental f ind ings ,  and these are shown in F igs .  4.1 and 4.2. 
The f i r s t ,  shown in F ig. 4.1, u t i l i s e s  an 'oxen o id '  mechanism (see
models sect ion  of Chapter 1) invo lv ing  the reac t ion  o f  an e lec tron
3d e f i c i e n t  oxygen atom with the o l e f in  . Experimental evidence that
123
supports th is  proposal includes the observation that e lec t ron  
donating groups on the o l e f in  and e lec t ron  withdrawing groups 
on the peracid ( e . g .  t r i f lu o r o p e ra c e t i c  ac id ) both increase the
th is  mechanism include the r e ten t ion  o f  stereochemistry, i . e .  trana-
3
o l e f in s  g ive  tran.i-epoxides • The a l te rn a t iv e  mechanism, shown in 
F ig .  4.2, invo lves  a concerted I ,3 -d ip o la r  in te rac t io n  o f  a peracid 
tautomer with the o l e f in  to g iv e  a f i v e  membered r ing  that rearranges, 
as shown, to g ive  the product epoxide. This mechanism is  a lso  
consistent with the experimental observations mentioned above but
. . . . . . . . 3ce r ta in  k in e t ic  data are inconsistent w ith th is  mechanism .
• 3 .
ra te  o f  react ion . Other experimental observations consistent with
R R
F ig .  4.1R
I.
R
C =  C
Fig . 4.2
V
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The two monooxygenase model systems, Fenton's reagent and 
the Udenfricnd system (see models sect ion in Chapter I ) ,  are both 
able to  epoxid ise  o le f in s^ .  In aqueous solutions Fenton's reagent 
is  be l ieved  to g ive  r i s e  to hydroxyl rad ica ls  that e f f e c t  the 
observed ox idations  (see models section in Chapter 1), Due to the 
nature of th is  oxidant reactions invo lv ing  Fenton's reagent usually 
g ive  a mixture o f  products. Thus, ox idation o f  an o l e f in ,  e .g .  
cyclohexene, r esu lts  in the formation o f  several by-products in
addition to the epoxide. As cyclohexene epoxide is  the on ly product
. 4
obtained during ox idations  o f  cyclohexene by the Udenfriend system , 
i t  seems u n l ik e ly  that a hydroxyl rad ica l is  involved in th is  case.
The use o f  cata lase and the in a b i l i t y  o f  hydrogen peroxide to 
replace dioxygen in th is  system suggests that the oxidant i s  not
4
at the peroxide ox idation  l e v e l  . These resu lts  have led Hamilton 
and his co-workers^ to propose the mechanism shown in F ig .  4.3 fo r  the 
production of the 'a c t i v e  oxygen' species in the Udenfriend model system.
A number o f  other t rans it ion  metal complexes are known to 
act as epox id is ing  agents, e .g .  the chromyl-oxo complex described 
by Sharpless^*. Trans it ion  metal ions such as vanadium, molybdenum, 
chromium or tungsten in the presence o f  a peroxide such as 
t-butylhydroperoxide have also been used to epoxid ise  o le f in s ^ .  These 
metals, however, cannot be replaced by metals such as Fe*^ and 
C o ^ ,  i . e .  those that induce f r e e  rad ica l  decomposition o f  the 
hydroperoxides^. Epoxidations with the trans it ion  metal complexes such as vamdii 
a l l  proceed with the same oj/n-stereospecif i c i  ty as observed with 
the peracids^.
F ig. 4.3 Reproduced from 
G. A. Hamilton, et a l . ,
J. Am. Chcm. Soc., 1964, 
8 6 , 3391
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4.3 ENZYMIC OXIDATION OF ALKENES
I t  was hoped that ox ida t ion  o f  an a l l y l i c  methyl group
could be used to determine i f  a rad ica l  or d i r e c t  in se r t ion  mechanism
were used by the M.C. monooxygenase. Abstract ion  o f  a hydrogen atom
from such a methyl group would generate the symmetrical intermediate
shown in F ig .  4.4. Oxygen add it ion  could then take p lace at e i th e r
of the two equiva lent carbons. I f  one of these two p os i t io n s  were 
. 13lab e l led  with C then NMR spectroscopy could be used to show whether 
th is  labe l  had become equ i l ib ra ted  between the two p os i t io n s ,  see 
F ig. 4.4. I f  a d i r e c t  in se r t ion  were used then no scrambling o f  the 
labe l would occur. To th is  end a-methylstyrene was ox id is ed ,  but 
as a lready reported (Chapter 3, a renes ) ,  ox ida t ion  occurred e x c lu s iv e ly  
on the aromatic r in g .  According to the TI.C ana lys is ,  n e ith er  
2 -methylbut- 1 -era; nor2 -methylbut- 2 -ene, showed any evidence o f  
ox idat ion  by the M.C. enzyme. Both cyclohexene and
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1 -methylcycloliexene were ox id ised  by the M.C. monooxygenase.
Pre l im inary  resu lts  ind icated  that cyclohexene may have been 
ox id ised  to  cyc lohex-2 -e i- l-o l .  However, la r g e r  scale  ox idations , 
using both substra tes,  f a i l e d  to  g ive  s u f f i c i e n t  m ater ia l  f o r  *H 
NMR spectroscop ic  an a lys is .  The fa c t  th a t  the ox idations were 
h igh ly  i n e f f i c i e n t ,  toge ther  with the a-methy 1  styrene r e s u l t ,  
suggested to us that the a l l y l i c  reg ion  o f  these compounds is  in 
general a poor substrate f o r  the M.C. monooxygenase enzyme. This 
may be due to the reasons suggested in Chapter 3, i . e .  s t e r ic  
hindrance o f  the a l l y l i c  methyl group preven t in g  the substrate from 
reaching the oxidant e f f i c i e n t l y .  This does not,  however, exp la in  
why Ihe unhindered end o f  the a c y c l i c  methylbutenes was not ox id ised ,  
p a r t i c u la r ly  as both aio and traN.i-but- 2 -cne and the phenyl r ing  
o f  a-methylstyreno are ox id ised * .  The low y ie ld s  obtained in the 
ox idation o f  the two c y c l i c  o l e f in s  were a lso  unexpected, 
cyclohexane i t s e l f  i s  ox id ised  r e l a t i v e l y  e f f i c i e n t l y *  so th is  cannot 
be due to the non-planar nature o f  the substra te .  The obvious 
in e f f i c i e n c y  found f o r  the ox ida t ion  o f  these types o f  compound 
caused us to  abandon th is  l in e  o f  work.
O le f in  epox ida t ion ,  whether chemical or enzymic, normally
g
proceeds w ith re ten t ion  o f  c o n f ig u ra t io n .  However, May and co-workers 
found that epoxidat ion  (<?/. Scheme 4 .2 )  by Pseudomonas oleovovana 
gave a product with 70% invers ion  o f  geometry. This resu lt  i s  in­
consistent w ith  an 'o x en o id '  mechanism and i t  was of in te res t  to see i f  
such a r esu lt  were obtained during epox idat ions  using the M.C. mono­
oxygenase. Colby and his co-workers' had shown that propylene oxide was 
the only product obtained from the o x id a t ion  o f  propene by the 
monooxygenase from M.C. The ox id a t ion  o f  c t s - t l -  Hipropenc by 
th is  enzyme was ca rr ied  out and the product was extracted into benzene
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Scheme 4.2
Poss ib le  explanations for  May's r esu lts  o f  o l e f in  
epox idat ion  w ith  P. oleovorcma
\ A //  \
ii »
307
R
II
v  \ /  / - \
707.
D
II
c y c l i s a t io n
R O H
\ . ,  1 // * \
Il D
R 0  HV ,  1// 4 \ \ - /  /  \y \ HD
p re fe ren t ia l  c losure o f  tvono product
R
II
0  II
\/\/
c— c
\  A  // - \
H
707
D
II
307
128
2
and analysed by both proton and deuterium NMR spectroscopy. The H 
NMR spectrum obtained is  shown in F ig .  A . 5 along with a *H NMR 
spectrum o f  authentic propylene ox ide .  The small chemical s h i f t
d i f f e r e n c e  between the spectra can be explained by an isotope e f f e c t .
1 . . 9
The II NMR spectrum o f  propylene oxide has been assigned by Khanh
who showed that the broad m u lt ip le t  at 2 . 6  p.p.m. was due to the
mcthinc p ro ton ; the t r i p l e t  at 2.35 p.p.m. was due to the methylene
proton, shown as 11^  in F ig .  A .5, and the m u lt ip le t  at 2.2 p.p.m. was
due to Kg. The 'll NMR spectrum obtained from the product o f  the
ox ida t ion  o f  O t s - [ l -  II lpropene by the M.C. monooxygenase was the same
as that obta ined from authentic propylene oxide except that the
2
m u lt ip le t  a t  2.2 p.p.m. was absent. As the H NMR spectrum shows 
there is  no peak around 2.3 p.p.m. , i t  can be concluded that 
ox ida t ion  has occurred in a c i/u-stereospecif  ic  manner and any product 
a r is in g  from ro ta t ion  around the C-C bond accounts f o r  less than 
10% o f  the resu ltan t  product. This resu lt  is  cons is ten t  with an 
oxenoid mechanism. I t  has p rev iou s ly  been shown'^ that ox ida t ion  of 
propene by the M.C. monooxygenase g ive s  a racemic mixture o f  products, 
i . c .  both the S and R epimers are produced and consequently th is  
enzyme docs not d i f f e r e n t i a t e  between the vc and oi f a c es  in binding 
the o l c f i n i c  substrate.
A.A INHIBITORY PROPERTIES OF N-PROPARCYI.VALERAMIDE
Tn oxidations u t i l i s i n g  the M.C. monooxygenase a ce ty len ic  
compounds can be used as enzymic in h ib i to r s ,  whereas these compounds 
would be ox id ised  by cytochrome P ^ q ' *. The p o s s i b i l i t y  that the M.C. 
monooxygenase may a lso  be accepting such ace ty len ic  compounds as 
substrates and that a very  slow turnover may resu lt  in  apparent
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1 2 .
in h ib i t ion  was suggested to us . I f  th is  were the case then i t  
o f f e r e d  the p o s s ib i l i t y  o f  u t i l i s i n g  an a ce ty len ic  group in a f f i n i t y  
chromatography to pu r i fy  the enzyme. As an i n i t i a l  model we 
decided to couple a propargyl unit to a short hydrocarbon chain Via 
an amide bond and to include th is compound in an ox idation of 
a-methylstyrene to see i f  there was any in h ib i t io n  o f  th is  ox ida t ion .
The ox idations  were carr ied  out using concentrations o f  the p o ten t ia l
. -5 -3in h ib i to r  o f  between I x 10 and 5 x 10 molar and the amount of
product formed was estimated by C1,C (207 DECS, 120°C) and by i t s  u.v .
absorption at 256 nm. Both o f  these methods showed a maximum
-3
in h ib i t ion  (aa. 50%) at around 2.5 x 10 molar. I f  the propargyl unit 
were competing with the a-methylstyrene fo r  binding to the enzyme's 
a c t i v e  s i t e ,  then increasing the concentration o f  the in h ib i to r  
should have decreased the amount o f  product from the ox ida t ion  of 
a-methylstyrene. As th is was not the case, and the reason f o r  th is  
behaviour was not apparent, then obviously we could not u t i l i s e  
the propargyl side chain as wo had hoped in the enzyme p u r i f i c a t io n .
4.5 SYNTHESIS OF DEUTERATED PROPENES
To the sodium sa l t  o f  propyne, produced from propyne 
2 . 2and sodamido, was added 11,0 to g ive  f l -  lllpropyne with 83%
2  . . .
deuterium incorporation. Reduction o f  f l -  Hlpropyne using a c id ic
I I  2 13 . . .
Cr to g ive  ¿ ra w i-M -  II Ipropcne , took <>a. s ix  days during which
the reduction was monitored by GI.C (Chromosorb 101, 90°C). *11 NMR
spectroscop ic  analys is  o f  the product showed i t  to contain
e f f e c t i v e l y  no deuterium so the react ion was repeated and monitored
by *11 NMR spectroscopy. The resu lts  from th is  study suggested that
deuterium was not being lo s t  from the propyne, but was being los t
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during the reduction ,  poss ib ly  by some exchange process wh ils t  the
propyne was coordinated to the metal. Attempts to produce the oio~
isomer using a Zn/Cu couple , a lso  monitored by CLC using the same
condit ions as above, showed that approximately 17 days were requited
to achieve 50% conversion o f  the propyne. As ne ither  o f  these
methods were e f f e c t i v e  an a l t e r n a t iv e  approach was attempted using
diboranc in THF as the reductant*^ . Scheme 4.1 o u t l in es  the approach
that we hoped to take: th is  invo lved cleavage o f  the propyne-borane
2
adduct with deutcrated a c e t ic  acid to g ive  tra n c-[I -  Hlpropene.
2  ,
Using [ I -  Hlpropyne instead o f  propyne and c leav in g  i t s  borane
2adduct with a c e t ic  acid should g ive  the aio- \ 1 -  Hlisomer. Attempts 
to produce the d ic - isom er by th is  route gave a mixture containing 
the product and a la rge  amount o f  unreacted propyne. As propyne is  
a good in h ib i to r  o f  the enzyme th is  had to be removed. To overcome 
th is  problem the react ion  was repeated and unreacted propyne was 
pumped o f f  be fo re  the adduct was c leaved . No products were is o la ted  
from th is  attempt, poss ib ly  due to a r e v e r s ib le  react ion  of borane 
with propyne. I t  would have been poss ib le  to  separate a propyne/ 
propone mixture by p reparat ive  GLC but in order to avoid  th is ,  
the method o f  Khanh was used. This invo lved the formation o f  the
Crignard reagent o f  cis-bromopropene, which was subsequently
2  , 2
hydrolysed with H,,0 to g ive  the product, <3t8-[l-  Hlpropene. The
effl-bromopropene was k ind ly  donated by Dr. C. P ie rp o in t ,  whose
method o f  production from the ¿m n c-bu t- 2 -eno ic  acid is  reputed to
g iv e  approximately 10% trono-bromopropene as by-product'"*. However,
2
analys is  of  our product by II NMR spectroscopy showed only a s in g le  
isomer (a peak at 6  5.06).

133
4.6 EXPERIMENTAL
Preparation o f  V a le r ie  Anhydride
The method used was that o f  V o g e l T h e  product was a 
co lour less  l iqu id  that d i s t i l l e d  at 88-90°C at 10 mmllg ( l i t .  value 
2I8°C at 754 mmllg)*^.
' h NMR (CC14, p .p .m . ) :  0.9 ( t ,  3 H ) , 1.4 (m, 2 H ) , 1.6 (m, 2 H ) ,
2.4 ( t .  2 H).
Main I .R .  peaks (cm * ) :  2960, 2860, 1820, 1750, 1460, 1030.
Preparation of N-propargylvaleramide
- 3
Propargylamine hydrochloride (0.49 g ,  5.4 x 10 mol) was
3
ground to a f in e  powder and suspended in p yr id in e  (5 cm ) .  To th is
3 “ 3
s t i r r e d  suspension was added v a l e r i c  anhydride ( l . l  cm , 5.4 x 10 mol) 
and s t i r r in g  continued. A f t e r  ca. 5 mins, the suspension c leared 
and a heavy p r e c ip i t a t e  c o l le c te d  at the bottom o f  the f la sk .
Pyr id ine  was removed on a ro ta ry  evaporator and the resu ltant
3
yel low ish  residue was taken up in dichloromethane ( 2 0  cm ) ,  washed
3
with 2 M HC1 (2 x 20 cm ) ,  saturated sodium bicarbonate so lut ion
3 . 3  ,
(2 x 20 cm ) and f i n a l l y  brine (10 cm ) .  The dichloromethane was
dried  (MgSO^), f i l t e r e d  and the solvent removed on a ro tary  evaporator
leav ing  a ye l low ish-wh ite  res idue. The res idue was r ec rys ta l is ed  from
-3
p e tro l -e th e r  (60-80 f r a c t io n )  y ie ld in g  0.3 g (2.1 x 10 mol,
38.9% y i e ld )  o f  white c r y s ta ls ,  m.p. 40-40.5°C, pure by t . l . c .  
analys is  (Et.,0, s i l i c a  g e l ,  iod ine,  R^ . 0 .29 ) .
*H NMR (CCl^, p .p .m . ) :  0.9 ( t ,  3 H ) , 1.35 (m, 2 H ) , 1.59 (m, 2 H ) ,
2.05 ( t ,  1 II) .  2.13 ( t ,  2 H), 3.95 (m, 2 H ).
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Main I .R .  peaks ( c m " ' ) :  3280, 2960, 2920, 2860, I6A0, 1550, 1460,
1360.
M.S. ( e le c t ro n  impact, m/z): 139 (M+ io n ) ,  110, 97, 96 (base peak),
57, 55.
M icro -ana lys is :  Calculated C, 69.06; H, 9.35; N, 10.07. Found 
C, 69.29; H, 9.38, N, 10.00.
Preparation o f  i l -  1 1 Ipropync
Liquid ammonia (ca. 375 cm ) was d i s t i l l e d  from sodium 
in to  a dry three necked, round bottomed f la sk  f i t t e d  w ith  an acetone/ 
d ry - ic e  condenser, a nitrogen i n l e t  and a s t i r r e r  bar, a l l  p rotected  
from moisture by a soda-lime d ry ing  tube. Whilst under a stream
_3
o f  anhydrous f e r r i c  ch lo r ide  (0.245 g , 1.5 x 10 mol) was added.
This was fo l lowed  by f r e sh ly  cut sodium metal (6.24 g , 0.27 mol) 
which was added in small po r t ion s  over a period o f  30 mins, with 
v igorous s t i r r in g .  Propyne (15.1 g ,  0.38 mol) was then bubbled in to  
the s t i r r e d  mixture and the ammonia was allowed to evaporate  overn ight.  
Residual ammonia was removed by heating at reduced pressure (0.01 mmHg, 
o i l  bath 80°C) and the resu ltan t  grey coloured powder was stored in 
a g love  box. Sodium propyne (8 .07 g, 0.13 mol) was placed in a 
dry round bottomed f la sk  and HjO ( 1 2  cm , 0 . 6  mol) was added dropwise 
from a pressure equalising dropping funnel and the resu ltan t  gas was 
c o l l e c t e d  by displacement o f  water .
'll NMR , p .p .m . ) :  1.4 ( s ,  3 11), 1.65 (m, res idu a l,  undcuterated s ig n a l ) .
2[The in t e g ra l  ind icated  ca. 83% H inco rpora t ion . ]
« 1
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2 9
Preparation of aia-1 I -  II Ipropenc
A dry, 2-necked round-bottomed f la s k  was f i t t e d  with a 
c o i l  condenser (which was protected by a s i l i c a  g e l  drying tube), 
and a pressure e qu a l is in g  dropping funnel. The f la s k  contained a
_3
s t i r r e r  bar and magnesium turnings (0.5 g, 20.6 x 10 mol) under
THF (aa. 20 cm ) .  A c rys ta l  o f  iodine was added. Cts-bromopropene
-3 . . .
(1.96 g, 16.2 x 10 mol) was then added in small a l iqu o ts ,  with
vigorous heating and s t i r r in g ,  which were discontinued when the
formation o f  Grignard reagent react ion  began. F in a l l y ,  the reaction
was allowed to proceed to completion (ca. 15 m in . ) .  Under a slow
2
N., stream the Grignard complex was hydrolysed by 1^0, and a f t e r  
passage through a trap cooled by an i c e - s a l t  m ixture , the gaseous 
product was c o l l e c t e d  in a trap cooled to l i q u id  nitrogen temperature.
The trap was removed and connected to an apparatus (see F ig .  4 .6) which, a f t e r  
slow warming o f  the trap to room temperature, a llowed the product
to be c o l le c ted  as a gas by water displacement. This gave aa.
1  -3
300 cm gaseous product (13.4 x 10 mol, 83% y i e l d ) .
'll NMR (CCl^ p .p .m . ) :  1.7 (d , 3 H ) , 4.89 (d ,  I H, J-aa. 11 Hz),
5.0 (res id u a l ,  undeuterated s ig n a l ) ,  5.75 (m, 1 H). TThe in teg ra l  
2
ind icates  ca. 91% 11 in co rpora t ion . ]
"11 NMR (C^H, p .p .m . ) :  5.1 (s in g le  peak).
I .R .  major peaks (cm“ ' ) :  3050, 2950, 2260, 1680, 1620, 1425
As th is was a gas phase spectrum, considerable  f in e  structure was
Preparation o f  C r ( I l )  Reducing Agent
D ilute  c o p p e r ( I I )  sulphate so lu t ion  (3 drops) was added 
to zinc turnings (15 g ) , which were covered w ith  1 M HC1. Wien the
Fig. 4.6 Apparatus used for the deuteration of propene
o i l i c a  ge l  
drying tube
perature
Apparatus fo r  c o l l e c t i o n  o f  gaseous product
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zinc surface liail turned black the IIC1 was replaced with saturated 
mercuric ch lo r id e  so lu t ion ,  which was removed by decantation a f t e r
the metal was f u l l y  coated with mercury, aa. 10 min. Mercury (50 cm ) ,  
fo l lowed by s u f f i c i e n t  1 M HC1 to cover the m e ta l l i c  mass, was added 
and l e f t  f o r  6  hours, when a l l  the z inc  had d isso lved .
Chromic potassium sulphate (100 g) was d isso lved  in 
3 M HC1 (250 cm ) and 50 cm o f  the Zn/Hg amalgam was added. The 
contents o f  the f la s k  were shaken under an atmosphere o f  COj u n t i l  
the solution turned from a dark blue to  the translucent blue o f  C r ^  
so lu t ion s .
1 8
Preparation o f  Zn/Cu Couple
3
Copper sulphate (13 g )  was d isso lved  in water (200 cm ) 
and the resu ltan t  so lu t ion  s t i r red  ra p id ly .  Zinc dust (53.5 g )  was added 
and s t i r r in g  was continued fo r  a fu r ther  15 min. when the black 
Zn/Cu couple was removed by f i l t r a t i o n  and washed w ith  a d i lu te  copper 
sulphate so lu t ion .
19
Preparation o f  I-Methylcyclohexene
Magnesium turnings (2.7 g ,  0.11 mol) were placed in a dry,
2  necked round bottomed f la sk  f i t t e d  with a r e f lu x  condenser,
protected w ith  a s i l i c a  g e l  drying tube, a pressure equa l is in g
dropping funnel and a s t i r r e r  bar. The magnesium turnings were
3
covered with d ie th y l  e ther  (50 cm ) and methyl iod ide  (15.6 g,
0.11 mol) was added dropwise. The contents o f  the f la s k  were
- 3
s t i r r e d  fo r  30 min. and cyclohexanone ( 8 . 6 6  g ,  90 x 10 mol) in 
d ie thy l  e ther  (10 cmJ) was added dropwise over a 30 min. per iod .
3
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S t i r r in g  was continued fo r  I hour a f t e r  which the f la s k  was cooled
and i t s  contents poured onto a mixture o f  ice  (60 g )  and cone.
3 . . .
l^SO^ (2 cm ) .  Diethyl ether was added u n t i l  the p re c ip i ta te
d isso lved , when the ether layer was removed and washed with 5%
3
^SO^, (2 x 20 cm ) ,  dried  (MgSO^), f i l t e r e d  and the solvent removed 
on a ro tary  evaporator. The product was then d i s t i l l e d  (58-59°C
-3
at 16 mrnHg) to g ive  7.2 g (63 x 10 mol, 70% y i e ld )  o f  a co lourless  
l iq u id  which was s u f f i c i e n t l y  pure by *H NMR to be used d i r e c t l y  
f o r  the next stage.
*H NMR (CCl^, p.p.m.) 1.15 (s ,  3 H ) , ca. 1.35 (complex m, 10 H ) ,
3.7 (broad s, 1 H).
-3
To th is  methylcyclohexanol (3 g ,  27 x 10 mol) ,  heated 
at 110°C in a round bottomed f la s k  f i t t e d  with a r e f lu x  condenser 
and a magnetic s t i r r e r ,  was added a few c rys ta ls  o f  hydrated sodium
-3
a ce ta te .  Dikctene (2.68 g, 31.9 x 10 mol) was then added 
dropwise over a 15 min. period during which the contents o f  the f la s k  
darkened in colour and re f luxed  g en t ly .  S t i r r in g  was continued 
fo r  3 hours at 100°C a f t e r  which the product was Kugelr6 h r  d i s t i l l e d  
(I00°C at 1 mmHg) and p-toluenesulphonic acid (16 mg) was added.
The mixture was then heated at I30°C and the temperature gradually  
increased to  180°C at which temperature a l l  o f  the product had
d i s t i l l e d  over. This product was r e d i s t i l l e d  ( 110—112°C) to g ive
-3 . . .
1.32 g (13.8 x 10 mol, 50.9% y i e ld )  o f  a co lourless  l iq u id .
'll NMR (CCl/(. p .p .m .) :  1.55 (m, 611), 1.6 (s ,  3 11), 1.9 (m, 6  11),
5.3 (m, I II).
Preparation o f  2-cyclohcxcnol
-3
2-Cyclohexenone (2.33 g ,  26.75 x 10 mol) was d isso lved
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in dry ether (25 cm ) and s t i r r e d  under a N2  atmosphere f o r  20 min. 
and then cooled in ic e .
_3
Lithium aluminium hydride (0.35 g , 9.2 x 10 mol) was 
3
added to dry d ie th y l  ether  (25 cm ) ,  which was heated at r e f lu x  temp­
era ture, with s t i r r in g  under N2  f o r  10 min. The mixture was cooled  
and added to the cyclohexenone so lu t ion  dropwise over a 25 min. 
period to g iv e  a milky suspension which was s t i r r e d  at room temperature 
fo r  18 hours. Acetone (3 cm ) was added and the mixture s t i r r e d  f o r
3
3  min. a f t e r  winch a saturated so lu t ion  of ammonium ch lo r ide  ( 1 1 2  cm )
was added. The suspension was f i l t e r e d  and the f i l t r a t e  was ex trac ted
with d ie thy l  ether (4 x 25 cm ) .  The combined e therea l  f ra c t io n s
3were washed w ith  brine (25 cm ) ,  dried  (MgSO^), f i l t e r e d  and the
solvent removed on a ro ta ry  evaporator. The product was taken up in 
3
dichloromethane (5 cm ) and chromatographed on a short neutral
alumina column. The so lvent was removed on a ro tary  evaporator
and the product was d i s t i l l e d  (I62 -I64°C ) to  g iv e  1.09 g (11.1 x 10 mol,
45.8% y i e ld )  o f  a c o lo u r le ss  l iq u id .
' h NMR (CCl^, p .p .m . ) :  1.52 (m, 2 H ) , 1.75 (m, 2 H ) , 1.92 (m, 2 H ),
1 H), 5.65 (m, I H).
3
4.05 (m,
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CHAPTER 5
CONCLUSIONS AND FUTURI! WORK
Oxidation o f  substituted aromatic compounds by the M.C. 
monooxygenase, to g ive  predominantly, i f  not e x c lu s iv e ly ,  products 
o f  para-hydroxylation ind ica tes  the e le c t r o p h i l i c  nature o f  the 
'a c t iv e  oxygen' species (see Chapter 3, Arenes). Similar r esu lts  
have been found in ox idations mediated by cytochrome where
both rad ica l  and d ir e c t  in se r t ion  mechanisms have been proposed 
(sec Chapter I ,  Cytochrome P ^ q) .  The fa i lu r e  to observe any 
ring-opened products a r is in g  from the oxidation o f  methylcyclopropane 
by the M.C. monooxygenase, would appear to preclude a rad ica l  
mechanism in th is  case. S im i la r ly ,  the ox idation o f  cyclopropane 
to g ive  e x c lu s iv e ly  cyclopropanol would suggest that a mechanism 
invo lv ing  a carbénium ion is  a lso  u n l ik e ly .  A l l  o f  these resu lt s  are 
consistent with an oxenoid mechanism that proceeds via a d ire c t  
inser t ion  o f  the oxygen atom in to  a C-H bond (see Chapter I ,  Models ).
We have shown that ox ida t ion  o f  the substituent group on 
the aromatic r ing occurs almost e x c lu s iv e ly  in the pos it ion  a to 
the aromatic r ing .  Chemically th is  pattern would be expected i f  
a rad ica l  or charged intermediate were produced enabling s t a b i l i s a t i o n  
by the adjacent aromatic r in g .  The only exception to th is  r e g io -  
s p c c i f i c i l y  that we found, in ox idations  o f  aromatic side chains, 
was in the ox idat ion  o f C-methylstyrene, where ox idation  was found 
to occur on the carbon d is ta l  from the aromatic r ing .  As this 
pos it ion  is  s ta b i l i s e d  by conjugation with the aromatic r ing  then th is 
resu lt  may not be as anomalous as i t  f i r s t  appears. However, i f  such 
s ta b i l i s a t io n  o f  an intermediate is  necessary then one would p red ic t
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that a l ip h a t ic  compounds, p a r t ic u la r ly  methane, would not be ox id ised .
One poss ib le  explanation fo r  these resu lts  could be the 
presence o f  more than one monooxygenase enzyme, of. l i v e r  microsomal 
cytochrome I t  is  conceivable that in such a case the
d i f f e r e n t  monooxygenase enzymes may have d i f f e r e n t  substrate  
s p e c i f i c i t i e s  and poss ib ly  d i f f e r e n t  mechanisms. I f  th is  were a lso  
the case with Mcthylooinua trichooporium i t  could exp la in  why Higgins 
and S t i r l i n g  obtained such d i f f e r in g  r esu lts  fo r  substrate  s p e c i f i c i t i e s  
and e le c t ro n  donor c h a ra c te r is t ic s  (see Chapter 1, B a c te r ia l  Monooxygenases).
A considerab le  amount of work has been ca r r ied  out by H. Dalton 
and h is  co l leagues  on the p u r i f i c a t io n  o f  the monooxygenase from M.C. 
and they have found no evidence to suggest the presence o f  more than 
one isoenzyme. In th e ir  p u r i f i c a t io n  procedures, however, they monitor 
the p u r i ty  o f  the enzyme by means o f  a l ip h a t ic  ox ida t ion  and i t  is  
poss ib le  that th is  may lead to the loss o f  any other isoenzyme present.
ox ida t ion s  with the M.C. enzyme could be one based on s t e r i c  f i t  to 
an a c t i v e  s i t e .  The suggestion made in Chapter 3 that the ac t iv e  s i t e  
may be a narrow c l e f t  or c re v ic e  in the surface o f  the p ro te in  could 
exp la in  the exc lu s iv e  para-hydroxylation o f aromatic compounds. I t  
is  d i f f i c u l t ,  however, to see how such a model would p red ic t  the 
r e g i o s p c c i f i c i t i e s  observed in the side chain ox id a t ion s .  I t  was 
suggested that a long f l e x i b l e  or bulky side chain may prevent a 
good f i t  into the a c t iv e  s i t e  and that inclusion o f  a conjugated 
double bond in to  the side chain would decrease the number o f  
conformers a v a i la b le  and g ive  a be t te r  ' f i t ' .  Again, th is  explanation 
would p red ic t  that long chain alkanes such as hexane would be poor 
substrates, but they are found to be ox id ised  r e l a t i v e l y  e f f i c i e n t l y .
An a l t e r n a t iv e  explanation fo r  the r e g i o s p e c i f i c i t i e s  seen in
In Chapter 3 i t  was suggested that the lack o f  side chain
m
i
ox ida t ion  o f  n-methylstyrenc could have been due to the s te r ic  
in h ib i t io n  mentioned above; in th is  case ox idat ion  of the aromatic 
r in g  was observed. I f  th is  f a i lu r e  to ox id ise  the a l l y l i c  region 
is  due s o l e l y  to s t e r i c  reasons then one would p red ic t  that the 
unhindered end of the 2 -methylbutenes would be ox id ised ,  p a r t icu la r ly  
as both oia and tranc-2-butonc are ox id ised .  The fa c t  that there was no 
ox ida t ion  o f  the 2 -methylbutcnes argues against such a s im p l is t ic  
model.
As was mentioned above the r e g i o s p e c i f i c i t y  observed in the 
ox ida t ion  o f  aromatic compounds suggests an e l e c t r o p h i l i c  ox id is in g  
spec ies .  The fa i lu r e  o f  cata lase and superoxide dismutasc to prevent 
ox ida t ion s  by the M.C. enzyme, assuming that hydroxyl rad ica l  i s  not 
invo lved fo r  the reasons outlined in Chapter 1, suggests an iron-oxygen species 
as the a c t iv e  oxidant. This is  cons is ten t  w ith the type o f  species 
be l ieved  to  be involved in the oxenoid pathway, and the fa c t  that an 
'NIH s h i f t '  is  seen in aromatic ox id a t ion s ,  lends support to th is  postulated 
pathway.
A major d i f fe r en ce  between the resu lt s  found with the M.C. 
monooxygenase and other s im ila r  enzymes, e .g .  cytochrome P ^ q, is  
the fa te  o f  the arene oxide produced in aromatic ox idations . Most 
other monooxygenase enzymes g ive  almost e x c lu s iv e ly  l-naphthol from 
naphthalene ox idation . This is  b e l ie v ed  to a r is e  from spontaneous 
r in g  opening of naphtha lenc-l ,2 -ox ide . The presence o f  r e l a t i v e l y  
la rge  qu an t it ie s  o f  2 -naphthol in ox ida t ion s  o f  naphthalene by the 
M.C. monooxygenase suggests that a s im i la r  spontaneous r ing  opening 
does not occur. As evidence suggests that naphthalene-2,3-oxide is  
not involved i t  is  envisaged that some form o f  r ing  opening o f  the 
arene ox ide by the enzyme occurs in M.C. mediated ox idations  of 
naphthalene (see Chapter 3, Arenes).
The f in a l  ev idence fo r  th is  oxenoid mechanism comes from
2
the ox idation o f  aio-\\- Hlpropene to  g ive  a product propylene
oxide in which geometr ica l con figura t ion  i s  reta ined. There is  a
2
need fo r  the ox idation o f  trano~[1- Hipropene to be carried  out to
complete the above work. A lso ,  the degree o f  deuterium re ten t ion
2 2 2
f o r  the ox ida t ion  of 14- HJethylbcnzene, [ 1 -  Hi- and [2 -  Hinaphthalenes 
should be accurate ly  determined. Further evidence fo r  the intermediacy 
o f  naphthalene- 1 , 2 -ox idc  in the production o f  both 1 -  and 2 -naphthols 
could be obtained by incubation of an authentic sample of naphthalene- 
1 , 2 -ox ide with the enzyme mixture.
F in a l ly ,  o x ida t ion  o f  a ch ira l  methyl group, (Chapter I ,  
Cytochrome should help substantiate the b e l i e f  that a d i r e c t
inser t ion  pathway is the mechanism used by the M.C. monooxygenase.
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CHAPTER 6
MATERIALS, METHODS AND INSTRUMENTATION
6.1 MATERIALS AND METHODS
Unless otherwise s ta ted ,  a l l  solvents and chemicals used 
were o f  a n a ly t ic  grade or were p u r i f ied  by d i s t i l l a t i o n .  Anhydrous 
so lven ts  were prepared as fo l lo w s .
Diethyl Ether
AR d ie th y l  ether was heated to r e f lu x  over ,  and f r a c t i o n a l l y  
d i s t i l l e d  from LiAll l^ , under a stream o f  n it rogen , b.p. 35°C.
Pyr id ine
AR pyr id ine  was heated to  r e f lu x  with KOH p e l l e t s  f o r  
1 hour, f r a c t io n a l  d i s t i l l a t i o n  gave anhydrous pyr id ine  (b .p .
115-116 °C ) , stored over KOH.
Dichloromet liane
Dichloromethane was d i s t i l l e d  from calcium hydride b.p.
4C°C.
Di met Ity tsn 1 pliox i de
Heated to r e f lu x  over Call, f o r  2 hours fo l lowed  by f ra c t io n a l  
d i s t i l l a t i o n  b .p. 85-87°C.
Petrol Et lier
Shaken with cone. l^SO^ fo llowed by water, sodium b ica r -
1 4 6 -  -
bonate and again water, dried  with calcium ch lor ide  and then 
f r a c t i o n a l l y  d i s t i l l e d .
Chloroform
Ethanol- free  chloroform was prepared by passing AR 
chloroform down a short alumina column.
NADH
NADU was p u r i f ied  by d is so lv in g  in water to g ive  the 
required concentration . This was then extracted  with d ie thy l 
ether  to remove s t a b i l i s in g  e thanol,  and the resu ltant solution 
placed on a ro tary  evaporator to remove residual d ie th y l  ether.
Water
In an attempt to remove the traces o f  acetone 
mentioned p rev ious ly  (Chapter 2, cyclopropanes) and any 
other trace im pu rit ies ,  doubly d i s t i l l e d  water was heated 
at r e f lu x  temperature with a lk a l in e  KMnO^  fo r  24 hours. The 
water was then f r a c t i o n a l l y  d i s t i l l e d  tw ic e ,  but g . l . c .  
analys is  s t i l l  showed the presence o f  a trace impurity that 
co-chromatographed with acetone.
Preparative  t . l . c .  p lates
As mentioned in the tex t  ( e . g .  page 96), the 
*H n.m.r. spectroscopic  analyses o f  the products o f  
enzymic ox idations  were o f ten  complicated by resonances 
from trace im purit ies .  To minimise these problems, e i th e r  
AR grade solvents were used or the so lvents  were p u r i f ie d  
as described e a r l i e r  in th is  Chapter (page 140). The
prepara t ive  t . l . c .  p la tes  used fo r  p u r i f i c a t io n  o f  the products 
were f i r s t  e luted with I0Z MeOH in CH2 C12, d r ied  and rea c t iva ted  
be fo re  use.
Enzymic Oxidations
Enzymic ox idations  were ca r r ied  out on two d i f f e r e n t  
s ca le s ,  the smaller sca le  ox id a t ion  being used as an a n a ly t ic  
run to  see i f  ox ida t ion  had occurred. A number o f  c on tro ls  
were used including the inc lus ion  o f  ace ty lene  (a known in h ib i to r  
o f  the M.C. monooxygenase) and cyanide which in h ib i t s  the a lcohol 
dehydrogenase but not the monooxygenase.
Experimental
For ox idations  o f  s o l id  or l iq u id  compounds f i v e  
5 cm3 con ica l f lasks  were used and the contents o f  each i s  l i s t e d  
below.
Flask I
Flask 2
Flask 3 
Flask 4
Phosphate b u f fe r ,  20 mnolar, pH 7, (0.4 cm ) ,
-3
substrate (5 x 10
Phosphate b u f fe r ,  20 mmolar, pH 7, (0.4 cm ) ,
-3
substrate (5 x 10
Phosphate b u f fe r ,  20 mmolar, pH 7, (0.4 cm )
3
Phosphate b u f fe r ,  20 nmolar, pH 7, (0.4 cm ) ,
(5 x 10"39) ,  KCN so lu t ion ,  0.5 imolarsubstrate
Flask 5 Phosphate b u f fe r ,  20 mmolar, pH 7, (0.4 cm3) ,
-3
substrate (5 x 10 g)
3
The f la sk s  were then suba sealed and to f la s k  5 one cm 
o f  acety lene  was added from a syringe d isp lac in g  an equivalent 
amount o f  a i r .  The f la sks  were then warmed to 45°C on a shaking water-3 3
bath and M.C. ex trac t  (100 x 10 cm ) was added by syr inge , along
-3 3
with NAD11 so lu t ion  0.1 molar (50 x 10 cm ) .  No NADH solut ion was 
added to f la s k  2. The f lasks  were then returned to  the shaking water
3
bath fo r  60 minutes a f t e r  which they were ex trac ted  with ( 1  cm ) which
was removed, dried  (MgSO^), f i l t e r e d  and concentrated to oa. 100 x
“ 3 3 .  «
10 cm with a stream o f  n it rogen . The contents o f  the f lasks  were then
chromatographically  analysed.
For gaseous or v o l a t i l e  substrates the same procedure was used
3
with the exception that the substrate ( 1  cm o f  vapour) was added by 
syr inge a f t e r  the f la sk s  were suba sea led. Also the used to
ex trac t  the products was added by syringe be fo re  the suba seal was 
removed.
Larger sca le  oxidations designed to g iv e  s u f f i c i e n t  product 
fo r  spectroscopic  ana lys is  (wz. 27, conversion) were carried  out as fo l low s .
A 250 cm3  con ica l f la sk  was charged w ith  phosphate b u f fe r ,
20 mmolar, pH 7 ( 8  cm3) and 0.1 g o f  substrate. The f la sk  was then 
suba sealed and warmed to 45°C on a shaking water bath. NADH so lu t ion ,
- 3
0 . 1  molar ( I  cm ) was then added along with crude extract ( 2  cm ) 
and the f la sk  was returned to  the water bath f o r  1 hour. The contents 
o f  the f la sk  were then ex tracted  with (3 x 20 cm3) with
cen tr i fu ga t ion ,  where necessary, to a s s is t  separation o f  the layers .
The CH,,C12  a l iqu o ts  were then dried  (MgSO^), f i l t e r e d  and the solvent 
removed by ro tary  evaporator.  The product was then pu r i f ied  by 
chromatography. I f  the substrates were v o l a t i l e  or gaseous
1 4 9 * - '
Q  <1
the r ea c t ion  was ca rr ied  out in a 50 cm conical f la sk  and 6  cmJ 
o f  the vapour was added by syr inge .  Dichloromethane was added to 
ex trac t  the products be fore  the suba seal was removed.
Exceptions to  the above work up procedure were as
fo l lo w s :  in the case o f  the ox id a t ion  o f  methylcyclopropane
3continuous ex trac t ion  by d ie thy l  e th er  ( 1 0 0  cm ) was required
2
fo r  a per iod  o f  48 hours; a f t e r  the oxidation o f  C l- H]propene,
3
benzene ( I cm ) was added, the product was extracted and the benzene
I 2
layer separatedtdried  (MgSO,) ,  f i l t e r e d  and analysed by H and H NMR 
d i r e c t l y .
I t  is  poss ib le  that products from the enzymic ox idations 
undergo fu rther  ox idation  or some other type o f  react ion .  For 
cytochrome P4 5 0  i t  has been argued* that a second ox idation is  un l ike ly .  
This is  because once the product has been released from the ac t iv e  
s i t e  i t  would be present in a r e l a t i v e l y  large pool o f  substrate and 
hence s t a t i s t i c a l l y  u n l ike ly  to encounter the enzyme a second time.
A lso, i t  has been argued that incorporation  o f  an oxygen atom in to  the 
substrate w i l l  increase i t s  p o la r i t y  and consequently decrease i t s  
a f f i n i t y  f o r  the hydrophobic a c t i v e  s i t e .  The f i r s t  argument is  
re levan t to the M.C. enzyme, p a r t i c u la r ly  as the conversions o f  
substrate to product are g en e ra l ly  low (ca. 1%). No products were 
ever seen on t . l . c .  analys is  that could be ascribed to further 
ox ida t ion .
Where poss ib le  the enzymic products were a lso  analysed 
by mass spectroscopy and the resu ltan t  spectra compared with 
those obtained from authentic samples o f  the compounds. Th is ,  
however, was o f  l im ited  use due to  the impurities in the products 
g iv in g  r i s e  to anomalous peaks in  the spectra.
*R . E. White and M. J. Coon, Ann. Rev. Biochem., 1980, 49, 315
6.2 INSTRUMENTAL
NMR Spectra
*H NMR spectra  were recorded by the author using a 
Perkin Elmer (model R34) 220 MHz *H NMR spectrometer.
Peaks are designated by th e i r  chemical s h i f t ( s )  in p.p.m., 
r e l a t i v e  to TMS, fo l low ed  by th e ir  r e l a t i v e  in t e g ra l  value (eq.
I H, 2 H ) , and t h e i r  m u l t ip l i c i t y  (s -  s in g l e t ,  d »  doublet,
t ■ t r i p l e t ,  q • qu a rte t ,  m »  m u l t ip le t ) .
2
H NMR spectra were recorded by Dr. E. Curzon using a 
Bruker (model WH400), 400 MHz multinuclear NMR spectrometer.
IR Spectra
In fra - r e d  spectra were recorded on a Perkin Elmer (model 
680B) g ra t ing  in f r a - r ed  spectrophotometer. Spectra were run using 
NaCl p la tes  and c a l ib ra ted  using the 1603.4 cm * peak o f  polystyrene. 
Samples o f  l iq u id s  were run as thin f i lm s  and s o l id s  were run as 
a mull ( n u j o l ) .
U l t r a - v io l e t  Spectra
U.V. spectra  were recorded using a C ec i l  (model CE505) 
double beam spectrophotometer with spectroscop ic  grade methanol as 
so lven t ,  and a holmium f i l t e r  as re fe ren ce .
Gas Liquid Chromatography
GLC analyses were carr ied  out using e i th e r  a Pye Unicam 
(model 204) or a Perkin Elmer (model F l l )  flame ion isa t ion  
chromatograph w ith  N2  as c a r r ie r  gas.
Preparative  GLC was carr ied  out on e i th e r  a F & M 
(model 720) catharometer, or a Carlo Erba (model 2450 TP) flame 
io n is a t io n ,  gas chromatograph with N2 as the c a r r i e r  gas.
Mass Spectra
Mass spectra were recorded on a Carlo Erba-Kratos instrument 
(MS80). Peaks are quoted as m/z.
